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ABSTRACT 

Na+/H+ exchangers (NHE) are integral membrane proteins that catalyze the 

electroneutral exchange of Na+ (or K+) for H+. The nine human isoforms identified to 

date share the same topology of twelve membrane-spanning domains and a cytoplasmic 

regulatory tail, and diverge in their tissue expressions and subcellular localizations. This 

the sis focused on the identification and characterization of proteins interacting with the 

ubiquitous NHE6 isoform, which resides predominantly in recycling endosomes. Recent 

yeast two-hybrid (Y2H) screening of a human brain cDNA library using the regulatory 

tail of NHE6 as a probe resulted in the tentative identification of about 250 partial or full­

length NHE6-interacting proteins. Thirty other potential NHE6-interacting partners were 

identified by isolating NHE6 complexes from embryonic kidney 293 cells by tandem 

affinity purification (T AP) and subjecting them to mass spectrometry analysis. The 

interaction between NHE6 and eight of these proteins (four from each Y2H and T AP 

analyses) was tested by co-immunoprecipitation, co-localization by immunofluorescence 

microscopy and in vitro GST-fusion protein pull-down assays. We show that 

apolipoprotein D interacts weakly with NHE6, while myosin light chain kinase and the 

mitochondrial ATP synthase subunit-a are true NHE6-binding partners. The remaining 

five proteins exhibited poor and/or non-reproducible association with NHE6. 

ix 



ABRÉGÉ 

Les échangeurs de Na+lH+ (NHE) sont des protéines membranaires intégrales qui 

catalysent l'échange électroneutre de Na+ (ou K+) contre H+. Les neufs isoformes 

humains identifiés jusqu'à présent partagent la même topologie composée de douze 

domaines transmembranaires et d'une extension cytoplasmique ayant des fonctions 

régulatrices. De plus, ils ont des expressions tissulaires et localisations cellulaires 

distinctes. Le but de cette étude était d'identifier et caractériser des protéines qui 

interagissent avec l'isoforme NHE6, lequel se trouve surtout dans les endosomes de 

recyclage. Récemment, un système double hybride de la levure (Y2H) a été utilisé avec 

succès dans l'identification, à partir d'une banque ADNc du cerveau, de près de 250 

protéines ou fragments de protéines qui s'associent directement à la portion régulatrice 

cytoplasmique de NHE6. La méthode TAP (Tandem Affinity Purification) a par ailleurs 

abouti à l'identification par spectroscopie de masse de trente autres protéines appartenant 

à des complexes associés à NHE6 qui ont été isolées de cultures de cellules 

embryonnaires du rein. L'interaction entre NHE6 et huit de ces protéines (quatre du Y2H 

et quatre du TAP) a été vérifiée par les méthodes suivantes: la co-immunoprécipitation, 

la colocalisation par microscopie confocale et l'association in vitro avec des protéines 

GST-fusion. Alors que nous n'avons observé qu'une faible interaction entre 

l'apolipoprotéine D et NHE6, nous avons trouvé que la kinase de la chaîne légère de la 

myosine ainsi que la sous-unité alpha de l' ATP synthétase interagissaient véritablement 

avec NHE6. Les cinq autres protéines n'ont montré qu'une association faible ou non 

reproductible avec NHE6. 
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INTRODUCTION 

Na+/H+ exchangers (NHEs) are a family of electroneutral transporters that mediate 

the exchange across biological membranes of Na+ and H+ down their respective 

concentration gradients. Such exchange of sodium and proton has been observed in 

various organisms ranging from bacteria to yeast, plants and mammals (138). Thus far, 

ni ne human NHE isoforms have been identified and been shown to differ in their tissue 

distribution, subcellular localization and drug sensitivity. They are subdivided into two 

general categories according to their subcellular localization: plasmalemmal (NHEl-5) 

and organellar (NHE6-9). NHEI is the most extensively studied NHE and was the first to 

be described (170). Its cDNA was used as a probe for low-stringency hybridization of 

various tissue cDNA libraries and resulted in the discovery of four other plasmalemmal 

NHEs (138). NHEl-5 play important roles in intracellular pH control (33) and cell 

volume homeostasis (81), and facilitate other cellular activities su ch as adhesion, 

migration (57,59) and proliferation (24,82). The more distantly related organellar NHEs 

(NHE6-9) were discovered only 'recently and remain poorly characterized. Their main 

role is thought to be the regulation of organellar pH, although they might participate in 

protein trafficking and transport of vesicles, similarly to their yeast homologue Nhx 1 

(36,36,129). Considering that virtually nothing is known about the regulation of 

organellar NHEs, we endeavoured to identify and characterize proteins that interact with 

NHE6, an organellar isoform predominantly found in recycling endosomes. This study is 

motivated by the reality that proper functioning of NHEs is critical for many 

physiological processes, thus an increased knowledge of their function will improve our 

understanding of the numerous pathologies associated with NHE malfunction, including 

hypertension, epilepsy, postischemic myocardial arrhythmia, gastric and kidney disease, 

diarrhoea, glaucoma (48,138) and attention deficit hyperactivity disorder (54). 
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1.1 Evolutionary origins ofmammalian Na+/H+ exchangers 

In a recent phylogenetic analysis Brett et al. (36) studied more than 200 genes 

encoding Na+/H+ exchangers to shed light on the specific physiologie al roles of each. 

According to this study, eukaryotie NHEs belong to the cation proton antiporter 1 (CPAl) 

gene family, whieh itself is part of the CPA superfamily along with the CPA2 and the 

NaT-DC families (36). The CPAI family originated from bacterial NhaP genes and 

encompasses the NhaP/SOS 1 and the eukaryotie NHE subfamilies. The latter is the best 

eharaeterized of the CPA families and is divided in two clades based on cellular 

localization: plasmalemmal and intracellular. The plasmalemmal clade is further 

subdivided into "recycling" and "resident" subgroups, whereas the intracellular clade 

comprises the "endosomal/trans-Golgi network (TGN)", "plant vacuolar" and "NHE8-

like" clusters. From their extensive phylogenetic anaIysis, Brett et al. concluded that the 

eukaryotic NHE gene family originated as intracellular exchangers, such as the yeast 

Saccharomyces cerevisiae endosomaI exchanger ScNhxl, the plant Arabidopsis thaliana 

vacuolar exchanger AtNHXl and the slime mold DdNHE, the earliest member of the 

NHE8-like clade. Aecording to Brett et al., the cell surface or plasmalemmal NHEs 

would have emerged from these ancient intracellular NHEs to fulfill functions specifie to 

higher eukaryotes.(36) 

The human organellar NHE6, NHE7 and the most recently discovered NHE9 have 

high amino aeid sequence identity (55-70%) (130) and are closely related to their 

endosomal homologues ScNhxl from yeast, and AtNHX5/ AtNHE6 from plants (36). 

While the experimental evidence is limited, these NHE isoforms are thought to control 

organellar pH and volume homeostasis through functional coupling to the luminal H+ 

gradient established by the vacuolar H+ -ATPase (36,80). The role of the "NHE8-like" 

clade is even less weIl understood. Its similarity to the other organellar isoforms is quite 

low (about 25%) (130,138) and its homologues are found only in animal cells, suggesting 

a unique physiological role. 

Similar to NHE8, plasma membrane NHEs are exclusively present in animal cells 

(36) and have around 25% (138) sequence similarity to organellar NHEs. The recycling 

plasmalemmal NHE3 and NHE5 are found in worms, insects, fish and animais, whereas 
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the resident plasma membrane NHEl, NHE2 and NHE4 are present exclusively in 

vertebrates (36). From the se observations, Brett at al. deduced that recycling plasma 

membrane NHEs appeared before the resident plasma membrane isoforms. The latter 

have evolved simultaneously with the Na+/K+-ATPase (136), which cre ate s the 

extracellular Na+ gradient responsible for their activation (138). 

1.2 General structure of mammalian Na+/H+ exchangers 

Despite their difference in amino acid sequence identity, computer modeling and 

hydropathy analysis predict that aIl NHEs share the same topology of twelve membrane­

spanning a-helixes at the N-terminus and a cytoplasmic C-terminal domain of varying 

lengths and ami no acid sequences (138). Thus far only the topology of NHEI was 

extensively studied. Wakabayashi et al. performed accessibility studies of individually 

substituted cysteines in a cysteinless NHEI mutant (204). Even though their mode} does 

not closely fit the original model obtained by hydropathy analysis, they confirm the 

presence of twelve membrane-spanning domains. 

The cation exchange occurs through the transmembrane N-terminal region (205), 

whieh is of similar length for plasmalemmal and organellar NHEs (388 to 451 amino 

acids)(37). Sorne parts in the transmembrane region are critieal for the function of aIl 

NHE isoforms. For instance, the hydrophobie loop between transmembrane segments 9 

(TM9) and 10 (TMlO) is predicted to form a re-entrant membraneous loop and appears to 

be essential in ion translocation (129,171). Certain residues in this loop, su ch as yeast 

Nhxl Glu355 (equivalent to human Glu391) (129) are conserved and equally important 

for cation translocation in organellar and plasmalemmal NHEs. Other residues (Phe357 

and Tyr361) uniquely conserved in organellar NHEs are critieal for functions specifie to 

organellar NHEs and can not be substituted by corresponding amino acids from plasma 

membrane NHEs without 10ss of function (129). In addition to the 100p between 

segments 9 and 10, the transmembrane regions TM3 and TM4 are important for ion 

selectivity and drug sensitivity (138) and contain five residues (GlyI42, Leu166, Pro167, 

Phe182, Asn185) conserved among aIl eukaryotie NHEs (36). In that same region, 

Leu163 in human NHEI is known to be important for amiloride sensitivity (47,101,227) 
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and is substituted with the polar asparagine in the "endosomal/TGN" NHEs (36), and may 

partially account for observed differences in drug sensitivity. 

While the transmembrane N-terminal region is mostly conserved in length and in 

amino acid sequence amongst NHEs isoforms, such is not the case for the more divergent 

C-terminal regulatory region. It contains putative as weIl as demonstrated binding sites 

for regulatory proteins, components of the cytoskeleton and recognition sites for 

phosphorylation by various kinases (72,138,227). In addition to its extensive sequence 

divergence among isoforms (36), the C-tail is significantly shorter in organellar NHEs, 

with 199±46 amino acids compared to 365±52 amino acids in plasmalemmal NHEs (36). 

Although it is generally accepted that the C-tail faces the cytoplasm, there is sorne 

evidence to suggest that part of this region in NHE1 (102), NHE3 (25,72,102) may face 

the extracellular milieu. Likewise, the yeast ScNhx1 tail contains sites that are N­

glycosylated, which suggests partial lu minaI exposure (211). Moreover, recent 

topological studies on the plant AtNHX1 revealed that almost its entire C-tail faces the 

vacuolar lumen (219). 

Further analysis of the primary structure of the NHEs reveals that they contain 

putative glycosylation sites. For instance, NHEI is both N- and O-glycosylated in the 

extracellular loop between TM segments 1 and 2 (49,88), whereas NHE2 is only 0-

glycosylated (196). Out of the remaining plasmalemmal paralogues, only NHE3 was 

studied for post-translational modifications, but did not reveal any glycosylated residues 

(26,49). Other studies point to the possibility that the organellar isoforms NHE6 (125), 

NHE7 (133) and NHE8 (79) are N-glycosylated. 

There is little information concerning the tertiary or quaternary structures of 

mammalian NHEs. A few biochemical studies suggest that NHE1 and NHE3 form 

homodimers through interactions of their transmembrane regions (69), which might be 

important for intracellular pH sensitivity and consequently Na+lH+ exchange (91). In 

addition, biophysical and kinetic studies of Na+lH+ exchange on renal brush border 

vesicles show evidence for the presence of NHEs as tetramers (21,140). Further evidence 

to support the hypothesis that NHEs exist as higher-order complexes is the dimerization 

of the Escherichia Coli Na+lH+ antiporter NhaA as revealed by its three-dimensional 

crystal structure (216). 
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1.3 Cation selectivity, transport kinetics and drug sensitivity 

The plasmalemmal NHEs have a single binding site for Na+ as indicated by their 

hyperbolic dependence on the extracellular Na+ concentration (138). They can also 

translocate other monovalent cations su ch as Lt and NH/ but less efficiently (10). The 

plasmalemmal isoforms do not translocate K+. Interestingly, the organellar isoforms such 

as NHE7 (133), the plant AtNHXl (199), and the yeast ScNhxl (37) can transport not 

only Na+, Lt, NH/, but also K+ and presumably function mainly as K+/H+ antiporters in 

vivo, given that K+ is the predominant intracellular alkali cation. Although 

plasmalemmal NHEs reveal a single binding site for Na+, sorne of them contain a 

regulatory H+ binding site other than the H+ translocating site, as shown by their greater 

than first-order dependence on H+ concentration (10,141). 

Plasmalemmal NHEs are inhibited to different degrees by sever al 

pharmacological compounds such as amiloride and its analogues (46,50,227), 

benzoylguanidinium-based derivatives (50,175) and moderately by cimetidine, clonidine 

and harmaline (137,188,225). Most probably due to the difference in the regions 

responsible for drug sensitivity and binding (52,133,138), the organellar NHEs are less 

sensitive to amiloride inhibition (52,133). Conversely, the NHE7 isoform and possibly 

other organellar NHEs are inhibited by other compounds such as quinine (133). 

1.4 Mammalian plasmalemmal Na+/H+ exchangers 

As previously discussed, plasmalemmal and organellar NHEs diverge in their 

evolutionary origins and consequently in their primary structure, cation selectivity and 

drug sensitivity. The main difference is that plasma membrane NHEs act as Na+-driven 

H+ exchangers, thereby alkalinizing the cytoplasm, while the organellar NHEs function as 

H+-driven, K+ (Na+) exchangers, alkalinizing the lumen and acidifying the cytoplasm 

(38). There are other important differences in tissue distribution, function and regulation, 

which will be treated separately for plasmalemmal and organellar NHEs. 
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1.4.1 Tissue distribution, cellular localization and function 

NHEI is ubiquitously expressed and accumulates in discrete domains on the 

plasma membrane such as in lamellipodia in fibroblasts (83), on the basolateral 

membrane of epithelia (27) and in the intercalated disks and t -tubules of cardiac myocytes 

(154). A recent study also suggests that NHEI is present in the nuc1ear membrane of 

mammalian cells at varying degrees depending on cell type and species (30), although 

this observation is questionable as immunofluorescence was the only technique used in 

this paper and no other studies confirm this finding. NHE 1 has two main roIes: to relieve 

cells from excess acidification resulting from metabolic activity and to maintain cell 

volume through Na+ influx coupled to cr and H20 uptake (138). It also fulfills sorne 

specialized functions depending on its localization on the cell membrane. In addition, 

NHEI is an important regulator of cell adhesion and migration in fibroblasts. It interacts 

with the cytoskeletal-associated proteins ezrin, radixin and moesin, inducing the 

remodelling of the cortical actin network and the reshaping of focal adhesions (57-59). 

The isoforms NHE2-4 are expressed at highest levels in epithelia of the kidney 

and gastrointestinal tract (138). While NHE4 is located in the basolateral membrane in 

renal epithelia (41,153,155), NHE2 and NHE3 are found in the apical membranes of 

discrete nephron and intestinal segments (26,93,153). In addition, NHE3 is also detected 

in endosomes (28,44), where it actively contributes to vesicular pH regulation (5,51) and 

is stored until a signal triggers its translocation to the apical surface. On the whole, 

NHE4 is thought to fulfill similar functions as NHEI in the few cell types (e.g. mesangial 

cells) where the latter is missing, whereas NHE2 functions in fluid secretion, while NHE3 

participates in absorption (138). 

Amongst the plasmalemmal NHE isoforms, NHE5 distinguishes itself by its 

predominance in multiple regions of the brain (13,19). It is classified as a recycling 

plasmalemmal NHE (36), like NHE3 with which it shares the closest amino acid 

sequence similarity (-50%) (138). In addition to the plasma membrane, NHE5 is found 

in somatodendritic vesicles and synaptic-like microvesicles in PC12 cells, and is 

intemalized by clathrin-mediated endocytosis into recycling endosomes of CHO cells 
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(189). Its role is unknown, but it likely serves to regulate the luminal acidity of its 

associated vesicles. 

1.4.2 Regulation ofplasmalemmal Na+/H+ exchangers 

A broad range of growth factors and peptide hormones indirectly activate NHEI 

through the phosphorylation of its C-tail by different kinases, inc1uding the mitogen 

activated extracellular signal-related kinase p90rsk
, Nck-interacting kinase and pI60-rho­

associated kinase. While, the mechanisms by which these kinases enhance the 

transporter's activity are still unknown, the binding and phosphorylation sites for sorne of 

them have been revealed. For instance, p90rsk phosphorylates S 703 thereby promoting the 

binding of the scaffolding protein 14-3-3 (111,190), whereas the Nck-interacting kinase 

binds to the middle of NHE l' stail and mediates signalling events from receptor tyrosine 

kinases independently of p90rsk (111,223). Conversely, the phosphorylation site of the 

p 160-rho-associated kinase, which participates in integrin triggered signalling that 

orchestrates cell adhesion (192,193), is still unknown. In addition to kinases, NHEI is 

regulated by Ca2+ binding proteins. For instance, binding of Ca2+ -calmodulin to the C­

terminal tail of NHEI causes an increase in transport activity possibly by relieving auto­

inhibition (203). Three other Ca2+ binding proteins called calcineurin B homologous 

proteins (CHP) bind to the juxtamembrane region of NHEI cytoplasmic tail (3), two of 

which (CHPI and CHP2) were found to interact with NHE3 as weIl (142,143). 

Amongst isoforms NHE2-4, only the regulation of NHE3 has been studied 

extensively. The control of NHE3 activity mainly depends on hormones and physical 

factors such as osmolarity (139), which trigger diverse molecular mechanisms indu ding 

phosphorylation (119,126,215,232), binding of accessory regulatory proteins 

(201,207,208) and trafficking of NHE3-containing endosomes from their storage pools to 

the surface and vice versa (28,44,51,106). An important regulatory mechanism of NHE3 

activity is its downregulation through protein kinase A (PKA) phosphorylation in 

response to parathyroid hormone and dopamine (16,17,95,214,231). In addition, the 

effects of PKA phosphorylation are thought to be indirectly affected by two scaffolding 

proteins termed Na+/H+ exchanger regulatory factor 1 and 2 (NHERF1, NHERF2) 
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(209,210,228). Interestingly, both NHERF1 and 2 bind to ezrin (161,226), which acts as 

a link between membrane proteins and actin (224) and which can pro vide anchorage to 

PKA (62). In addition, treatment of epithelial cells with the Clostridium difficile toxin B, 

which disrupts Rho-GTPase mediated signalling, causes a cytoplasmic redistribution of 

ezrin and a decrease in NHE3 activity through internalization (89). Taken together, the 

above findings suggest that NHE3's activity is tightly controlled by its association with 

the cytoskeleton. 

The regulation of NHE5 remains poorly understood, but a few studies show that 

activation of protein kinase A or C and hyperosmolarity decrease rat NHE5 activity in 

Chinese hamster lung fibroblast PS120 ceUs (12). Like NHE3, NHE5-containing vesicles 

are regulated by phosphatidylinositol 3' -kinase and by F-actin assembly (189). In 

addition, a recent study reveals that NHE5 associates in vitro and in vivo with the 

scaffolding/adaptor protein ~-Arrestin 2, which is possibly responsible for its 

internalization by clathrin-mediated endocytosis (187). 

1.5 Organellar Na + /H+ exchangers 

Like their plasmalemmal counterparts, the different organellar NHE isoforms have 

distinct tissue distributions and intracellular localizations. Their precise roles and 

regulatory mechanisms remain poorly characterized, but sorne evidence supports their 

involvement in vesicular pH homeostasis, which in turn influences proper protein 

processing and vesicular trafficking. For better understanding of the potential 

contributions of mammalian organellar NHEs to cellular processes, sorne notions of 

vesicular pH control, endocytosis and molecular sorting in the endocytic pathway will be 

described first. 

1.5.1 Mechanisms of endocytosis 

AlI celIs internalize extracellular fluid and receptor-bound ligands through 

endocytosis. In fibroblasts for example, this dynamic process can exceed an 

internalization rate of 50% of celI surface area per hour (184). Two main endocytosis 
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mechanisms co-exist: clathrin-coated vesicles formation and internalization mediated by 

lipid rafts/caveolae. Clathrin-mediated endocytosis is responsible for receptor-ligand 

internalization and is weIl understood. Conversely, the raft/caveolae endocytosis 

associated with integrin signalling and virus internalization is still ill-defined (151) and 

will not be discussed. 

Clathrin-mediated endocytosis begins with the formation of clathrin-coated pits 

(CCPs) and the accumulation therein of receptor-ligand complexes. The clathrin coat is a 

lattice of hexagons and pentagons of the protein clathrin (149), whose functional unit is 

the triskelion. The CCPs grow and eventually bud off the membrane with the assistance 

of the protein dynamin, thus forming clathrin-coated vesicles. The assembly of the 

clathrin cages is promoted by adaptor proteins, whieh contain binding sites for both the 

cytoplasmic domains of transmembrane proteins and for clathrin (42,166,195). Until 

recently, only two adaptor complexes were known: AP-l, found on clathrin-coated buds 

of the trans-Golgi network (TGN) and AP-2, localizing to the plasma membrane coated 

pits (4,167). In the last few years many more adaptor proteins have emerged, including 

AP-3 (179), AP-4 and a range of other cargo-specifie adaptors (165,173,182,194). 

Considering the variety of ligands and adaptor complexes it is not surprising to see a 

diverse range of adaptor protein recognition motifs (123), sorne of which are present not 

only in the cytoplasmic domain of celI surface receptors and TGN proteins, but also on 

vesicle membrane proteins, su ch as the lysosomal-assocoated membrane protein LAMP-l 

(104). In addition to cytoplasmic motifs on transmembrane proteins, adaptor complexes 

also recognize membrane proteins responsible for vesicle docking and fusion su ch as v­

or t-SNARE families (169), thus regulating vesicle fusion in addition to vesicle 

formation. 

Recent studies show that the actin cytoskeleton is an important player in the 

endocytic process. In mammalian celIs, actin poisons partially block endocytic uptake 

and the formation of coated vesicles (77,108), whereas in the yeast Saccharomyces 

cerevisiae, endocytosis is blocked completely by actin assembly inhibitors (14,15). 

Recently, Kaksonen et al. proposed a model whereby actin provides the force for 

membrane invagination by pulling directly on the vesicle coat with the assistance of 
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Actin-related-protein-2/3 (Arp2/3) complex, the Arp2/3-complex activator, cappmg 

proteins (Cap 1/2), myosins and others (98). 

1.5.2 Molecular sorting in endosomes 

The c1athrin-mediated endocytic system is a complex network of vesic1es and 

tubules, whose role is to sort the proteins targeted for degradation from those, which are 

to be recyc1ed. Four types of endocytie organelles have been established based on their 

function, although the distinction is not c1ear-cut due to the dynamics of the system. 

Indeed, recent studies reveal a variety of specialized endosome-derived vesic1es each 

having a distinct subset of membrane proteins. The mechanisms by which these proteins 

are targeted and maintained at the proper compartment are just beginning to be c1arified. 

Sorting endosomes or early endosomes are the first structures to which the 

incoming endocyting vesic1es fuse. The sorting endosomes form adynamie network of 

tubules and vesic1es, whose slightly acidic pH (6.0) (97,158) triggers the dissociation of 

receptor-ligand complexes. From the early endosomes, the proteins are sorted to three 

main destinations: the plasma membrane, recyc1ing endosomes or late endosomes. In a 

recent study, Lakadamyali et al. observed two types of sorting endosomes by live cell 

imaging: a dynamie population that matures rapidly and moves on microtubules and a 

slowly maturing statie population (107). By monitoring the traffieking pathways 

followed by different ligands, they conc1uded that the sorting process begins prior to 

fusion with early endosomes and depends on the mobility and composition of endocytie 

vesic1es. According to this study, vesic1es containing ligands targeted for degradation 

fuse with dynamic early endosomes and have adaptors other than AP-2, while those with 

recyc1ing ligands, such as transferrin, are sent to aIl sorting endosomes and are eventually 

enriehed in the slowly maturing type. This study completes the generally accepted model 

of sorting within early endosomes, whieh states that in the absence of signal, the 

intemalized receptors and membrane proteins accumulate in tubular regions of the early 

endosomes, while the soluble ligands and the proteins targeted for degradation 

accumulate in the vesicular regions (116). Given their greater surface-area-to-volume 

ratio, the tubular regions bud off more readily than the vesicular parts, thus forming 
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recycling compartments (67,117). This simple mechanical geometry-based segregation 

efficiently recycles several membrane proteins. For example, despite the absence of a 

signal for recycling, the transferrin receptor (Tfn-R) exits the early endosomes with a t1/2 

of 2 minutes and efficiency greater than 99% (67,117). 

The sorting endosomes have a half-life of about 8 minutes in CHû cells (116). 

During this "active life", they continuously fuse with incoming primary endocytic 

vesicles and recycle receptors by tubule pinching. A still to be defined molecular 

mechanism triggers the maturation of the sorting endosomes. They gradually acquire 

properties of late endosomes (LEs): absence of fusion with incoming endosomes, drop in 

pH and acquisition of acid hydrolases. The hydrolases initiate the degradation of the 

accumulated internalized substances as the newly formed LEs migrate on microtubules 

(7) towards the lysosomes. The transfer of LEs to lysosomes is dynamic and the 

distinction between the two subsets of vesicles is difficult. Nonetheless, lysosomes can 

be recognised by their higher density on Percoll compared to LEs (104). At this final step 

in the endocytic pathway, the digested material is processed, while the non-digestible 

substances are concentrated until the lysosome is reactivated by the fusion to a new LE. 

From the sorting endosome, the recycling molecules follow two routes back to the 

cell surface. Sorne are delivered directly after the pinching off of the tubular structures. 

ûthers are sent to the endocytic recycling compartment (ERC), a long-lived organelle 

composed of tubular structures associated with microtubules (94,121,221,222). For 

instance, up to 75% of the Tfn-R is found in the ERC (198) and its transit time therein can 

take 5-10 min (53,174). It is not clear what determines the proportion of receptors that 

follow the direct recycling route from sorting endosomes relative to the slower recycling 

route via the ERC. Most of the molecules in the ERC are recycled back to the surface, 

although sorne are sent to other organelles of the endocytic/exocytic network, mainly the 

TGN. The complexity of the protein sorting system in the ERC is equivalent to the TGN 

and is still poorly understood. 

The complexity of vesicle trafficking and protein sorting in the endocytic and 

exocytic pathways requires the assistance of an array of regulatory molecules. For 

example, Rabs are a family of small GTPases that regulate many membrane-transport 

steps, including the formation of the sorting endosome by Rab5 (66,109,118) and the 
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recyc1ing to the plasma membrane from the ERC and the TGN by Rabl1 (43,162). Other 

regulators of vesic1e trafficking are SNARE complexes, which are responsible for vesic1e 

fusion (168). The complex vesicular trafficking between organelles would require the 

assistance of coat proteins for vesicular formation and proper delivery. As a matter of 

fact, c1athrin-coated buds have been observed to originate from early endosomes in 

fibroblasts and in neurones (185,213). Indeed, c1athrin might play a role in the formation 

of transport vesic1es (197) or in the morphology of endosomes (23). This intense activity 

around vesic1es of the endocytic pathway could not occur without the assistance of an 

array of kinases (152) and signalling molecules (122). Indeed, recent discoveries reveal 

that endocytosis and cellular signalling are tightly interconnected. 

1.5.3 pH Homeostasis of cellular organelles 

The control of pH inside organelles is of cri tic al importance for a number of 

processes, inc1uding receptor-ligand dissociation in early endosomes, protein degradation 

in lysosomes or secondary protein modifications in the Golgi. The vesicular pH 

decreases progressively along the endocytic pathway. In early endosomes it is nearly 

neutral (pH 6.5), whereas in lysosomes it is less than 5.5 (55). Conversely, in the 

secretory pathway, the pH decreases as the cargo transits towards the cell surface: in the 

endoplasmic reticulum it is nearly neutral (103), while the acidification is maximal at the 

trans-Golgi network (56,114). 

The V-type H+-ATPase, which transports protons in the presence of ATP, is the 

main pump responsible for the acidification of organelles in eukaryotes (146). If the V­

ATPase attained chemical equilibrium, the vesicular lumen would reach a pH of 3 (55). 

Nevertheless, the pH varies along the endocytic and secretory pathways pointing to the 

existence of vesicular pH regulating mechanisms. The molecular nature of organellar pH 

control is still unknown, but the generally accepted model is the "pump and leak" mode!. 

At steady state, the rate of proton pumping by the V -ATPase is counteracted by an 

equivalent efflux of protons through various channels and transporters, such as the H+ 

channel, the CrlH+ exchanger and the organellar NHEs. The existence of this proton leak 

was deduced originally from the observed alkalinization of organelles following the 
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inhibition of the V-ATPase (55,70,103). In addition, the measured leak was highest for 

the ER and decreased for more acidic organelles, which suggests that the pH of vesicles is 

determined mainly by their proton permeability. The variation of organellar pH could be 

also partly due to a different delivery and assembly of V -ATPases across endocytic 

vesicles (74), but not to a direct pH regulation of the V-ATPase's activity (172), nor to 

the establishment of membrane potential, as counterions su ch as K+ flow freely out of the 

Golgi (172). These observations indicate that the proton leak pathway is the predominant 

mechanism of organellar pH control in which the NHEs most probably play a crucial role. 

1.5.4 Saccharomyces cerevisiae Nhxl and Arabidopsis thaliana AtNHXl 

The most extensively studied organellar NHE is the yeast ScNhx 1, which is 31 % 

identical and 60% similar to human NHE6 (34) and is found in the pre-vacuolar 

compartment (PVC) (equivalent to late endosomes) in yeast, where cargo is sorted prior 

to its delivery to the vacuole/lysosome (131). Initially, it was proposed to be mainly 

responsible for conferring salt tolerance by working against the H+ gradient established 

by the V-ATPase to sequester Na+ into the vacuole (131). In 2000, Bowers et al. 

provided evidence that the role of ScNhx 1 was not restricted to ion and endosomal 

volume homeostasis, but also to vesicular traffic control (34). However, it is only 

recently that other groups showed that ScNhxl directly regulates vesicular trafficking via 

intracellular pH control (37,129). Indeed, ScNhxl-null cells exhibited trafficking defects 

such as sensitivity to the protein synthesis inhibitor hygromycin Band abnormal 

accumulation of the G-protein coupled receptor Ste3-GFP in the late endosome, which 

could be alleviated by treatment with weak bases (37). Despite the considerable 

knowledge on the S.cerevisiae endosomal NHE structure and function, not much is 

known about its regulation, except the observation that Gyp6, a GTPase activating protein 

involved in Ypt6-mediated retro grade traffic to the Golgi, is a negative regulator of 

ScNhxl (6). This agrees with the other studies, which link endosomal pH regulation by 

ScNhx 1 to vesicle and protein trafficking regulation. 

The plant Arabidopsis thaliana has two classes of organellar NHEs: the vacuolar 

AtNHXl and the endosomal class comprising AtNHX5 and AtNHX6 (144). The 

13 



vacuolar Na+/H+ antiporter AtNHX1, equivalent to the yeast ScNhxl, is important for 

maintenance of proper Na+(K+) concentration and confers salt tolerance in plants 

(8,9,230). It also plays a role in vacuolar pH regulation (220), thus possibly affecting 

protein trafficking and targeting similarly to ScNhxl in yeast. As previously mentioned, 

the AtNHXl C-terminal region is in the vacuolar lumen (219) and similarly to yeast and 

mammalian NHEs, it is essential for regulating antiporter activity, as deletion of the C-tail 

results in a two-fold increase in Na+/K+ selectivity (219). Recently, Yamaguchi et al. 

showed that AtNHXl is regulated by the luminal calmodulin-like protein AtCaM15 

through interaction with its C-tail (218). They propose that under normal physiological 

conditions, i.e. low vacuolar pH and high Ca2+ concentration, AtCaM15 inhibits AtNHXl 

through binding of its regulatory tail (218). However, during salt stress, the vacuolar pH 

rises (84) causing a release of AtCaM15 from the AtNHXl tail, thereby activating 

AtNHXl with a concomitant increase in vacuolar Na+ influx. Such regulation by 

calmodulin-like proteins is common for plant and animal type lIB Ca2+-ATPases (39,87) 

as weIl as for ion channels/exchangers (181,234), notably the mammalian NHEI 

(202,203). 

1.5.5 Tissue distribution, cellular localization and function of mammalian organellar 

Na+/H+ exchangers 

NHE6, the first organellar NHE to be characterized, is ubiquitous, but found at 

highest levels in human heart, brain and skeletal muscle (134). It has a short brain splice 

variant (669 amino acids) and a longer liver splice-variant (701 amino acids) with a 96-

base insertion between the transmembrane regions TM3 and TM4 that makes the loop 

more hydrophobic and adds an N-glycosylation site (125). Originally, NHE6 was 

proposed to be in mitochondria (134), based on fluorescence microscopy studies which 

revealed sorne co-Iocalization of vesicles containing green fluorescent protein tagged 

NHE6 with MitoTracker Red dye. However, this initial observation was disputed by 

more compelling evidence showing the localization of NHE6 in endocytic vesicles. 

Indeed, sorne observations reveal that it has an ER signal peptide and goes through the 

secretory pathway wh en overexpressed in COS7 cells (125). In addition, Brett et al. (38) 
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demonstrated that NHE6 predominantly localizes to recycling endosomes (recycling 

vesicles and endocytic recycling compartment). They transiently transfected epitope­

tagged NHE6 in CHO and OK cells and observed a scattered vesicular distribution in 

addition to a concentrated juxtanuclear localization, which significantly overlapped with 

the Tfn-R, but with no other organellar marker (38). Surface biotinylation experiments 

and fluorescently lableled cells at 4°C revealed that a small fraction (5%) transiently 

appeared on the cell surface (38). A recent study suggests that most of NHE6 localizes to 

early recycling endosomes, as opposed to the perinuclear ERC (130), but this finding is 

not supported by co-Iocalization studies do ne by other groups «38), Ilie A. and Orlowski 

J., unpublished). There is no information on the function of NHE6, but given its 

homology with the yeast ScNhxl, it can be deduced that it functions as a pH regulator in 

sorting and recycling endosomes/ERC to control the rate of receptor recycling to the 

plasma membrane. Although other NHEs likely contribute to endosomal pH regulation, 

such as NHE3 and NHE5, the role of NHE6 is unique for several reasons. NHE6 has 

different tissue distributions from NHE3 and NHE5 (48,134,139). In addition, even 

though NHE3 is functional in recycling endosomes, it acidifies the endosomal lumen 

(51,75), contrary to the organellar homologues su ch as NHE7 and ScNHX1, which have 

been shown to alkalinize the lumen (133,199). 

NHE7 has a high sequence similarity to NHE6 (70%) and although it is 

ubiquitous, it is predominantly expressed in certain regions of the brain, in skeletal 

muscle and in secretory tissues (133). It is mostly localized to the trans-Golgi network, 

but part of it is found in early endosomes. In addition, it shares common compartments 

with NHE6, the nature of which remains to be determined. NHE7 functions as a non­

selective monovalent cation/H+ ex changer, although it has a high affinity for K+ (133) and 

most likely acts as a pH and K+ regulator in the Golgi. 

As previously mentioned, NHE8 has limited similarity (25%) to other organellar 

NHEs. Northem blot analysis shows that it is ubiquitous with the highest expression in 

kidney, testis, skeletal muscle and li ver (79,130). Nakamura et al. found that NHE8 

localizes mainly in tubular and sorne vesicular perinuclear structures, next to the cis­

Golgi marker GM130, whereas there was no co-Iocalization with ER, sorting endosomes, 

LE and lysosomes (130). By contrast, in situ hybridization studies done by Goyal et al. 
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on human tissues revealed an enrichment of NHE8 signal in brush-border membranes 

(similarly to NHE3) (79). In a subsequent study, they showed that NHE8 co-localizes 

with y-glutamyltranspeptidase and megalin in epithelia of proximal tubules, suggesting 

that it is both on the microvillar surface and in the coated-pit region (78). Based on these 

observations, it is possible that NHE8 mediates apical membrane transport in the 

proximal tubule and that it is subject to endocytosis and recycling. Another study 

revealed that NHE8 is also restricted to the apical membrane of intestinal epithelia and 

that there is a higher NHE8 mRNA expression in young compared to adult animaIs, while 

NHE2 and NHE3 are expressed at low levels in early life (217). Thus, NHE8 might be 

important for intestinal Na+ absorption during early life. 

NHE9, the most recently identified NHE, localizes to late recycling endosomes 

and partially overlaps with NHE6 according to Nakamura et al. (130). It was discovered 

as a potential gene linked to attention deficit hyperactivity disorder (ADHD), which is the 

most commonly diagnosed disorder in children (54). In a particular family affected by 

the disorder, there was a pericentric inversion on a part of chromosome 3, which resulted 

in silencing of NHE9, and Dedicator Of Cytokinesis 3 (DOCK3) (54). While NHE9 is 

ubiquitous with highest expression in heart and skeletal muscle, followed by placenta, 

kidney and liver, DOCK3 is found at highest levels in the frontal, temporal and occipital 

lobes of the brain (54). It is known that normal function of neuronal cells depends on 

control of ion concentration, as seen in NHEI-knockout mice which display ataxia and 

seizures (22,85), and NHE9 might be essential for fulfilling this role in neurons. 

1.6 Research rationale and experimental plan 

Although several reports indicate that organellar NHEs contribute to vesicular pH 

homeostasis and trafficking, the underlying molecular mechanisms are poorly understood. 

In one recent study, Lin et al. (113) demonstrated that members of the secretory carrier 

membrane protein (SCAMP) family, notably the SCAMP2 isoform, bind directly to 

human NHE7 and modulate its shuttling between the trans-Golgi network and recycling 

endosomes. This association appears to be NHE selective, in as much as SCAMP2 did 

not associate with NHE6. By contrast, virtually nothing is known about the factors that 
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regulate NHE6 and is the main focus of this thesis. Given our current understanding of 

other NHEs, it is reasonable to hypothesise that there are novel cytoplasmic proteins that 

interact, either directly or indirectly, with NHE6 and modulate its catalytic activity and/or 

trafficking. 

To accomplish this, a doctoral candidate in the laboratory, Alina Ilie, recently 

used yeast two-hybrid methodology to screen a human brain cDNA library with the entire 

C-terminal tail of NHE6 (amino acids 499 to 669). After the final screening, 

approximately 90 cDNAs were identified as putative NHE6-interacting proteins. These 

included small GTPases, cytoskeletal proteins, kinases, ion channels, other 

transmembrane proteins, proteins associated with lipid metabolism, the nucleus, 

lysosomes and mitochondria, as weIl as those of unknown function (Ilie, A. and Orlowski 

J., unpublished data). Intriguingly, sorne of these proteins are luminal, which raises the 

possibility that partes) or the entire NHE6 tail might face the lumen, especially 

considering the presence of an N-glycosylation site in the tail at amino acids 655 to 658. 

Although no studies on the orientation of NHE6 tail have been done, evidence for N­

glycosylation at two sites on the tail of its yeast homologue ScNhx1 implies a luminal or 

partly luminallocalization (211). 

The present challenge is to determine which of the proteins identified by the yeast 

two-hybrid methodology are bona fide interacting partners in vivo. Hence, the main goals 

of my thesis project were two-fold: (1) to validate the interaction of NHE6 with a subset 

of the putative interacting partners identified by the yeast two-hybrid screen mentioned 

above using alternative biochemical and cellular methods; and (2) to develop a 

complementary experimental approach that wou Id further identify NHE6-interacting 

proteins. To this end, 1 developed and implemented a proteomics strategy involving 

Tandem Affinity Purification (TAP), in combination with mass spectrometry analysis 

(TAP-MS), that was specifically adapted to enrich for integral membrane protein 

complexes containing NHE6 and its associated proteins. The advantage of this approach 

is that it allows one to identify interacting proteins (direct and indirect) of interest under 

more physiological conditions. 

With respect to the proteomics approach, the first step was to adapt and test the 

TAP-MS method for mammalian membrane proteins, su ch as NHE6, as this method was 
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optimized and used for studying soluble proteins in yeast and mammals. To this end, 

NHE6 tagged with the hemagglutinin epitope (NHE6HA) was inserted into a vector 

containing the TAP tag and used to make stably expressing NHE6HA-TAP human 

embryonic kidney (HEK 293) ceIl lines. Lysates from these NHE6HA-TAP stably 

expressing cells were used for the TAP troubleshooting experiments. 

The second step was to upscale the adapted TAP-MS method to produce enough 

purified material for detection with mass spectrometry and to obtain an accurate and 

complete list of NHE6-interacting complexes. With this objective in mind, multiple TAP 

experiments were done to verify the reproducibility of the method. In addition, control 

experiments using HEK293 free of NHE6HA-TAP were done to minimize false positives. 

The third step was to test the interactions of NHE6 with a limited number of 

putative interacting partners using the following techniques: co-immunoprecipitation and 

co-Iocalization by confocal immunofluorescence microscopy. Four promising interacting 

partners from the yeast-two hybrid screening results were selected based on the following 

criteria: the number of distinct positive clones for each protein, the likelihood that the two 

proteins will physically meet based on their subcellular localizations, and the 

physiologie al relevance of the interaction. In addition, four other proteins were chosen 

from the li st of positive-interacting partners identified by TAP-MS, mainly based on the 

potential relevance of the physiological interaction. Prior to testing the interactions with 

the aforementioned methods, the putative interacting partners were cloned, epitope­

tagged with the mye epitope and co-transfected in mammalian cells. Alternatively, 

antibodies specifie to the tested protein were purchased and used to measure endogenous 

protein levels. 

The final step was to further analyse and characterize the interaction of NHE6 

with one or two confirmed binding partners using the following methods: GST-fusion 

pull-down assays to identify the binding site of the interacting-partner on the NHE6 C-tail 

and inhibition of the binding partner to monitor the effects on NHE6 function. 
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MATERIALS AND METHODS 

2.1 Materials and other reagents 

The folIowing materials and reagents for the tandem affinity purification were used: 

EzView Red ANTI-FLAG M2 Affinity Gel, 3X FLAG peptide, EzView Red Glutathione 

Affinity Gel and CelLytic M CelI Lysis Reagent, all purchased from Sigma-Aldrich 

(Saint Louis, MI), in addition to Calmodulin Sepharose 4B beads (GE Heath Care Life 

Sciences, Baie d'Urfé, QC), RapiGest-SF (Waters, Milford, MA) and AcTEV Protease 

(Invitrogen, Burlington, ON). The myosin light chain kinase specifie inhibitor ML-7, 

Hydrochloride was purchased from EMD Biosciences (San Diego, CA). 

AlI the materials for tissue culture were purchased from: VWR International Co. 

(Mississauga, ON), Fisher Scientific (Whitby, ON) or Invitrogen (Burlington, ON). The 

folIowing materials were used for western blotting: polyvinylidene difluoride (PVDF) 

membrane (Millipore, Billerica, MA), Enhanced Chemiluminescence detection kit (GE 

Healthcare, Baie d'Urfé, QC), SuperSignal West Femto Maximum Sensitivity Substrate 

(Pierce Biotechnology, Rockford, IL), x-ray Kodak film (Amersham Biosiences, Baie 

d'Urfé, QC). AlI other chemicals were purchased from Fisher Scientific (Whitby, ON), 

Bioshop, Sigma-Aldrich (Oakville, ON), Invitrogen (Burlington, ON), VWR 

International Co. (Missisauga, ON), BD-Biosciences (Missisauga, ON), and Qiagen 

(Missisauga, ON). 

2.2 Antibodies 

The folIowing mouse monoclonal antibodies were used: anti-hemagglutinin (HA) 

(Covance, Berkely, CA), anti-myc (Upstate Biotechnology, Lake Placid, NY), anti­

apolipoprotein D (Abc am, Cambridge, MA), anti-ATP synthase H+ transporting, complex 

FI, subunit a (anti-ATP5a) (Abcam, Cambridge, MA), anti-ATP synthase H+ 

transporting, complex FI, subunit ~ (anti-ATP5~) (Mitosciences, Eugene, Oregon), anti­

myosin light chain kinase (anti-MLCK) (Sigma-Aldrich, Saint Louis, Missouri), anti­

calmodulin (Upstate Biotechnology, Lake Placid, NY). The folIowing rabbit polyclonal 
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antibodies were used: anti-HA (Covance, Berkeley, CA and Abcam, Cambridge, MA), 

anti-myc (Upstate, Temecula, CA), anti-ubiquitin (Upstate, Lake Placid, NY). The 

following secondary antibodies were used for immunoblotting: horseradish peroxidase­

conjugated goat anti-mouse and horseradish peroxidase-conjugated goat anti-rabbit from 

Jackson ImmunoResearch Laboratories (West Grove, PA). The foIlowing fluorescent 

secondary antibodies were used for immunofluorescence microscopy: Alexa Fluor 488 -

conjugated anti-mouse and anti-rabbit, as weIl as Alexa Fluor 568 - conjugated anti­

mouse and anti-rabbit and were purchased from Molecular Probes (Eugene, OR). 

2.3 Cloning from cDNA Iibraries and design of DNA constructs 

The construct for the human long myosin light chain kinase (MLCK) inserted into a 

pEGFP-C2 vector between EcoRI and Apal sites was generously provided by Dr. Anne 

Bresnick from the Department of Biochemistry of the Albert Einstein College of 

Medicine of Yeshiva University. For the tandem affinity purification experiments, the 

cDNA of C-terminally HA-tagged NHE6 was inserted into the multiple cloning site of a 

pMZS3F vector between EcoRI and Xbal sites, using primers JO-1340 and JO-1341. 

This resulted into an in-frame C-terminal fusion with a modified TAP tag composed of a 

calmodulin binding domain followed by a tobacco etch virus cleavage site and a ending 

with a 3XFlag peptide at the C-terminus. GST fusion constructs were done by inserting 

the cDNA of NHE6 C-tail fragments between BamHI and EcoRI sites of a pGEX-2T 

vector. The following GST fusion proteins were made, with corresponding primers used 

for adding the BamHI and EcoRI sites shown in brackets: GST fused to NHE6 amino 

acids 499 to 669 (10-1364, JO-1294), GST fused to NHE6 amino acids 499 to 523 (10-

1294, JO-1426), GST fused to NHE6 ami no acids 499 to 567 (10-1294, JO-1424), GST 

fused to NHE6 amino acids 499 to 600 (10-1294, JO-1425), GST fused to NHE6 amino 

acids 499 to 623 (JO-1294, JO-1427) and GST fused to NHE6 amino acids 608 to 669 

(JO-1290, JO-1294). The cDNA for the selected NHE6 putative interacting proteins 

identified by the Y2H methodology and studied in this thesis were obtained from the 

following sources: prostaglandin D2 synthase (PTGDS) was available as a full-Iength 

clone from the Y2H, apolipoprotein D (APOD) was obtained from the American Type 
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Culture Collection (ATCC) (Manassas, V A), the chloride intracellular channel 1 (CLIC-

1) and the ubiquitin-conjugating enzyme 2, variant 2 (UBE2V2) were cloned from a heart 

cDNA library using primers 10-1371/10-1372 and 10-1367110-1368 respectively. The 

cDNAs from aIl these proteins were inserted in the multiple cloning site of a pCMV­

Tag3B vector, which contains an N-terminal myc tag. PTGDS was inserted between 

BamHI and EcoRI sites using primers 10-1379 and 10-1380. CLIC-l was inserted 

between BamHII and XhoI sites using primers 10-1384 and 10-1385. UBE2V2 was 

inserted between BamHI and EcoRI sites using primers 10-1386 and 10-1387. APOD 

was inserted between EcoRI and HindII sites using primers 10-1394 and 10-1395. The 

sequences of each of the above primers are provided in Appendix A. 

2.4 Tissue culture and transfections 

cens were grown at 3TC in a humidified 5% CO2-containing atmosphere. They were 

fed with an a-minimum essential medium (a-MEM) containing 25 mM NaHC03 and 

complemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 

When working with stable cens selected through Neomycin (G418) resistance, the media 

contained in addition 400 mg/l of G418. For immunoprecipitation experiments, 70% 

confluent cens were transfected with lO )lg DNA and 2.5 )lI Lipofectamine per 1 )lg DNA 

in serum-free a-MEM. After 4 hours, the serum-free media was replaced with regular 

media and the transfected cens were left to grow ovemight. For microscopy experiments, 

the ceIls were grown on UV sterilized (for 30 min) glass coverslips in 6-weIl plates. 

CHO ceIls were plated directly on the coverslips, whereas when using HEK 293 cens, the 

coverslips were first coated with poly-L-Iysine. The transfections were done on 40-50% 

confluent cells with 1-1.5 )lg DNA and 2.5 )lI Lipofectamine per 1 )lg DNA in serum-free 

media. 

2.5 Tandem affinity purification method 

Stable celilines of NHE6HA-TAP: HEK 293 cells were cultured in regular a-MEM in lO-cm 

culture dishes until 70% confluency. One plate was transfected with lO)lg pMZS3F-

21 



NHE6HA, a control plate was transfected with lO/lg empty pCMY. After 48 hours, the 

cells were split 1/160 and grown in a-MEM containing 800 /lgll of Neomycin (0418). 

The media was changed every third day for two weeks until single colonies of stable 

NHE6HA-TAP started appearing. About 15 viable clones were grown and tested for 

NHE6HA-TAP expression by Western blotting. Two of them were selected for the 

experiments: a strongly overexpressing NHE6HA and medium-to-Iow overexpressing. 

Tissue culture and celllysing: For one TAP experiment, 6 batches of 6 x 175 cm2 culture 

flasks of stable HEK 293 cells were lysed. AlI the manipulations were done on ice or in a 

4 oC refrigerated room. The cells were rinsed 3 times in cold phosphate buffer saline 

(PBS) (pH 7.4) and collected by scraping (5 ml PBS per 175 cm2 dish) in 15-ml Falcon 

tubes. The cells were gravit y centrifuged for 5 min at 1,000 g and the supernatant was 

discarded. One (1) ml of lysis buffer (50 mM Tris-HCl pH7.4, 150 mM NaCI, 2mM 

ethylenediaminetetraacetic acid (EDTA), 0.1 % NP-40, 0.1 % Triton X, 10% glycerol, 1 x 

protease inhibitors, 10 mM NaF, 0.25 mM Na orthovanedate, 5 nM Okadaic acid, 50 mM 

~-glycerolphosphate, H20 to volume) was added to each falcon tube. The cells were 

resuspended by pipetting and transferred to eppendorf tubes. Two freeze-thaw cycles by 

alternating liquid Nitrogen with 36°C water bath were done to optimize the lysis 

efficiency. After 30 min of lysing, with occasional mixing, the non-dissolved cellular 

debris were collected to the bottom of the tube by spinning at 15,000 g for 20 min in a 

bench-top ultracentrifuge. The supernatants were transferred to new eppendorf tubes and 

pre-cleared for a minimum of 1 h with glutathione agarose beads. 

Ft affinity purification: The lysates were spun at 700 g for 2 min and the supernatants 

were added to new eppendorf tubes containing 60 /lI of 50% pre-washed M2 anti-Flag 

agarose bead slurry. Following a 4 h incubation with gentle rocking, the samples were 

spun at 700 g for 2 min to collect the M2 agarose beads with the bound NHE6HA-TAP 

complexes. The supernatant was discarded and the beads were washed 3 times in 1 ml 

per eppendorf tube of M2 wash buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCI, H20 to 

volume). Between spins, the samples were rocked for 5 to 10 min. The beads from 3 

samples were collected together (total of 150 /lI bead slurry or 75 /lI beads) and incubated 

in 500 /lI of 3XFlag elution buffer (200 ng/ml 3XFlag peptide in M2 wash buffer) over 

night. 

22 



2nd affinity purification: The second day, the beads were spun down and the 3XFlag 

eluate was transferred to a second affinity purification column made of 40 t-tl Calmodulin­

Sepharose 4B bead slurry (50%) in an eppendorf containing 800 t-tl of Calmodulin 

Binding Buffer (10 mM Tris-HCl pH 7.4, 150 nM NaCl, ImM Imidazole, 1mM Mg­

acetate, 2 mM CaCh, 0.1 % NP-40, 10 mM ~-mercaptoethanol, H20 to volume) and 10 t-tl 

of lM CaCh. The incubation on this second affinity purification column was do ne over 

night. In the meantime, the 3XFlag elution was repeated by adding 500 t-tl of 3XFlag 

buffer on the anti-Flag M2 agarose beads and incubating all day. The second 3XFlag 

eluate was added to a Calmodulin Sepharose 4B column as well and left to incubate over 

night. The NHE6-protein complexes, which remained on the anti-Flag M2 agarose beads 

after both elution steps, were eluted with 3XFlag elution buffer supplemented with 

0.025% RapiGest SF mild denaturing detergent. These eluates were concentrated and 

sent for mass spectrometry analysis. 

Final elution of purified NHE6-bound complexes: The third day, the Calmodulin 

Sepharose 4B beads with the bound NHE6 complexes were spun down for 2 min at 700 g 

and the supematant was discarded. The beads were washed 2 times with calmodulin 

binding buffer (CBB) and 3 times with calmodulin rinsing buffer (CRB) (50 mM 

ammonium bicarbonate pH 8, 75 mM NaCI, 1 mM Imidazole, 1 mM Mg-acetate, 2 mM 

CaCh, H20 to volume). The samples were incubated by rocking for 5 to 10 min between 

spins. The Calmodulin Sepharose 4B beads from two samples were collected in a new 

eppendorf to which 500 t-tl of calmodulin elution buffer (CEB) (50 mM ammonium 

bicarbonate pH 8, 25 mM ethylene glycol tetraacetic acid (EGTA), 0.025% RapiGest SF) 

was added and incubated for 1 h. The tubes were spun, the final eluate was collected and 

the elution step was repeated again by adding fresh 500 t-tl of CEB. The final eluates 

were frozen at -70°C. 

Sample preparation for mass spectrometry analysis: After all 6 batches of 6 x 175cm2 

HEK 293 stable cells were lysed and tandem affinity purified (one such T AP experiment 

lasted about a month), all the final eluates (12 ml total) were thawed from -70°C. The 

final eluates were transferred to Amicon-Ultra 4 centrifugaI filter units with 5 kDa MW 

eut-off and centrifuged using a Beckman J-6B centrifuge at 3,500 g until concentrated 

down to a volume of 40 t-tl. The samples were digested with trypsin. 
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2.6 Mass spectrometry and data analysis 

For each sample about 40 III (half of the digested mixture) was injected into a reverse 

phase chromatography column mounted in line with an Electrospray Ionization ESI­

TRAP mass spectrometer. Following data acquisition, the comparison between the 

acquired spectra and the theoretical tandem MS (MSIMS) spectra from the NCBInr 

database was done automaticallY by a computer program caIled MASCOT. The 

foIlowing parameters were used: MS/MS ion search of NCBInr database for Homo 

Sapiens taxonomy, fixed modifications-carbamidomethyl, variable modifications­

oxidation, monoisotopic mass values, unrestricted protein mass, ± 1.5 Da peptide mass 

tolerance, ± 0.8 Da fragment mass tolerance, one (1) maximum missed cleavage. For 

each experimental MS/MS spectrum, the peptide from the database having the highest 

score was assigned (i.e. the best fit of experimental and theoretical spectra). The score 

was determined as follows: Score = -10 x log (P), where P is the probability of the 

assigned peptide being a random match. Only peptides with a confidence level of 95% of 

being a true match were considered (i.e. p < 0.05). The results were presented as a list of 

proteins. Under each protein were displayed its significant (p < 0.05) and non-significant 

(p > 0.05) peptides, as weIl as a list of other proteins sharing the same peptides. To 

facilitate the analysis of results from multiple sample injections (total of nine, three for 

each TAP, IP and control IP) and to eliminate redundant hits, the results from the three 

replicate experiments analyzed with the mass spectrometer were clustered together as 

shown in Appendix B. Proteins with similar names and sharing the same set of peptides 

were displayed as one entry. When a protein identified by Mascot was called differently 

in separate "runs", for example: "unnamed protein product", "RPN2", ribophorin II 

precursor-human" and "RPN2 protein", generally the most explicit name was chosen for 

the final list of proteins, "ribophorin II precursor-human" in this case. The proteins, 

whose peptide(s) were found in the control experiments more than once, were considered 

as non-specifically binding to the beads and were excluded from the list of interacting 

proteins. 
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2.7 Co-immunoprecipitation 

AIl the procedures were do ne at 4 oc. Confluent ceIls were washed three times in ice-cold 

PBS and drained from aIl liquids. Cells from two 10-cm dishes were harvested by 

scraping in 500 III RIPA lysis buffer (0.5% Triton X, 1 x Complete protease inhibitors in 

PBS pH 7.4). The ceIllysates were collected in eppendorf tubes (500 III per tube) and 

incubated by rocking for 20 min. The insoluble cell debris were collected by spinning for 

20 min at 15,000 g in a desktop centrifuge. The supernatant was pre-cleared by 

incubating with pre-washed protein G beads for one (1) hour. The pre-cleared lysate was 

incubated with antibody overnight. The second day, 100 III of 50% pre-washed protein G 

sepharose bead slurry was added to each eppendorf tube. After an incubation of two (2) 

hours, the samples were centrifuged at 700 g for 2 min and the supernatant was discarded. 

One (1) ml of RIPA lysis buffer was added to each tube and washed by rocking for 10 to 

15 min. This washing procedure was repeated five other times. After the supernatant 

from the last wash was aspirated, 50 III of gel loading buffer containing 10% 

Dithiolthreitol (DTT), 45% 2 x Laemmli buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% 

glycerol, 0.2% Bromophenol blue) and 45% RIPA buffer was added to each sample. The 

beads were vortexed, spun down briefly and heated at 50°C for 10 min. The samples 

were vortexed again and spun for 3 min at 8,000 g. 

2.8 Western blotting 

Samples were loaded on a SDS-polyacrylamide gel (usually 10%, but we have used 8% 

occasionaIly) and proteins were separated by gel elecrophoresis. The proteins were 

transferred on polyvinylidene difluoride (PVDF) membranes. The following day, the 

membranes were blocked for one hour with 5% skim milk in PBS and then incubated for 

one hour with the particular primary antibody dissolved in 5% skim milk in PBS-0.1 % 

Tween. The blots were washed 4 times for 10 min with PBS-0.1 % Tween prior to 

incubating for one hour with a horseradish peroxidase-conjugated secondary antibody at a 

dilution of 1 :5,000 when using the enhanced chemiluminescence detection kit or 1 :30,000 

to 1:50,000 when using the SuperSignal West Femto Maximum Sensitivity Substrate. 
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The membranes were washed again 4 times with PBS-0.1 %Tween, before adding the 

detection kit (1 to 5 min incubation) and exposing with x-ray Kodak films. 

2.9 Confocal immunofluorescence microscopy 

Cells expressing the construct(s) of interest were plated on glass coverslips two days prior 

to immunostaining. The whole procedure was do ne at room temperature and a quantity 

of 1.5 ml per weIl of the particular reagent was added at each step. The cells were rinsed 

3 times with PBS, fixed for 15 minutes with 2% paraformaldehyde (PFA) and then 

permeabilized with 0.1 % Saponin in PBS for 20 min. Upon removal of the PBS-O.l % 

Saponin, the ceIls were blocked as foIlows: a lü-min wash and a 30-min incubation with 

lü mM Glycine in PBS-O.l % Saponin followed by two lü-min washes and a lh 

incubation with 2% bovine serum albumin (BSA)-PBS-0.1 % Saponin. The desired 

concentration of the primary antibody (ies) in 2% BSA-PBS-0.1 % Saponin was added 

and the coverslips were incubated over night at 4 oC. The next day, the primary antibody 

(ies) was(were) removed and the coverslips were washed 4 times for lü min with 2% 

BSA-PBS-0.1 % Saponin. AlI the manipulations with the secondary antibody (ies) were 

done with the lights turned off. FoIlowing the washes, the slides were incubated with the 

secondary Alexa Fluor antibody (ies) for 1 h at room temperature in the dark. Three final 

lü-min washes with 2% BSA-PBS-0.1 % Saponin, foIlowed by 2 rinses with water were 

done. The coverslips were mounted with an Aqua Poly/Mount mounting media and 

placed overnight at 4°C in the dark. The fluorescent signaIs were detected with a Zeiss 

5lü LSM Meta microscope using a 63X plan apochromat objective with oil. 

2.10 GST -fusion pull-down experiments 

Preparation of eST-fusion proteins: The pGEX-2T -GSTfusion constructs were 

transformed in BL-21 E.coli bacteria. Single colonies were grown over night in 3 ml of 

2YT (16 g Bio-Tryptone, lü g yeast extract, 5 g NaCI in Il H20) media with lüO f..lg/ml 

Ampicillin. Small scale production of GST -fusion proteins was done first to look for the 

best expressing colonies, which were used for subsequent big scale GST-fusion 
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constructs' production. Two (2) ml from the overnight inoculation culture were grown in 

50 ml 2YT with Ampicillin (for small-scale 200 III in 5 ml) in a 3TC shaker. When the 

cultures have reached an optical density at 600 nm (OD600) of 0.6-0.7, the flasks were 

transferred to a 30°C shaker for 10 min. The cultures were then induced for 2.5 h in a 

30°C shaker by adding Isopropyl-~-D-Thiogalactopyranoside (IPTG) to a final 

concentration of 0.4 mM. The culture mixtures were transferred to 50 ml Falcon tubes 

and centrifuged for 20 min at 3,000 g. The supernatant was discarded and the bacterial 

pellets were resuspended in 1 ml (500 III for small sc ale) of GST lysis buffer (250 III NP-

40, 100 III 0.5 M EDTA, 1 tablet Complete protease inhibitors, in 50 ml PBS) and 

transferred to eppendorf tubes. The bacteriallysates were sonicated 2 times for 20 s (on 

ice) and the insoluble debris were collected by centrifuging at 4°C for 30 min at 15,000 g. 

The supernatants were transferred to fresh tubes and stored by freezing at -70°e. To test 

the expression of each GST-fusion construct relative to GST-protein alone, a 100 III 

aliquot (500 III for small scale) was added to 50 III of pre-washed Glutathione Sepharose 

beads and incubated by rocking for 2 h at 4°e. The beads were washed 6 times with 1 ml 

of GST lysis buffer, with 2 min spins at 700 g in between. Upon removal of the 

supernatant from the last wash, 40 III of 1 x Laemmli gel loading buffer with 10% DTT 

was added to each tube. After vortexing, boiling for 5 min and spinning for 5min, the 

samples were run on 10% SDS-polyacrylamide gel and stained with Coomasie blue (40% 

Methanol, 10% Acetic acid, 0.25% Coomasie). 

GST-fusion precipitation experiments: The equivalent amount of each GST -fusion 

protein, as determined by the above procedure, was added to 100 III of pre-washed 

Glutathione Sepharose beads slurry (50 III ofbeads) and incubated by roc king at 4°C for 2 

h. At the same time, the protein to be tested for interaction with GST-fusion constructs 

was in vitro translated by incubating for 1.5 hours at room temperature in the following 

mixture: 1 Ilg of DNA, 40 III of TnT rabbit reticulocyte expression mixtures with T7 

promoter and 2 III of 35S-labeled methionine. Alternatively, the protein of interest was 

epitope-tagged and overexpressed in cells. After the two-hour incubation, the 

Glutathione Sepharose beads bound to the GST-fusion construct were washed 3 times 

with GST lysis buffer. Three (3) III of in vitro translated product or 500 III of celllysates 

(2 x 1O-cm dishes in 500 III of RIPA buffer) were added to each GST -fusion construct. 
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The volume was brought up to 500 III with GST lysis buffer and the mixtures were 

incubated for 2 h at 4°C. Six (6) lü-min washes with 1 ml GST lysis buffer were do ne 

with 2 min spins at 700 g in between washes. After the final wash, 40 III of lx Laemmli 

loading buffer/ DTT was added to each tube. The samples were vortexed, boiled 5 min, 

spinned 5 min and loaded on 10% SDS-Polyacrylamide gels. After elecrophoresis, the 

gels with radioactively lableled GST -fusion reaction mixtures were stained with 

Coomasie blue for 40 min and destained overnight in destaining solution (7% acetic acid, 

7% methanol, 1 % glycerol). The gels were placed in gel soaking solution (40% 

methanol, 10% glycerol, 7.5% acetic acid) for 3 h prior to drying with a Promega gel 

drying kit. The next day, the dry gels were placed in a Molecular Dynamics Storage 

Phosphor screen cassette for at least 2 days. The radioactive signal was detected with a 

Molecular Dynamics Phosphor imager Instrument. Alternatively, for experiments do ne 

with cell lysates, the proteins were transferred onto PVDP membranes and blotted as 

described earlier. 

2.11 Subcellular fractionation by gravit y centrifugation 

AIl the steps were done at 4°C. Cells were washed 3 times in ice-cold PBS and collected 

by scraping (l x lü cm dish in 1 ml PBS). The intact cells were pelleted by spinning for 

3 min at 8,000 g. The supernatant was discarded and the cell pellets were homogenized 

by passing 10 to 15 times through a 26.5-gauge needle in a 200 III of cold sucrose 

solution (250 mM sucrose, 10 mM HEPES-NaOH pH 7.5, 1 mM EDT A, and protease 

inhibitors). The nuclei and other bulky cell debris were collected by centrifuging for 15 

min at 700 g. A subsequent centrifugation of the supernatant for 10 min at 6,000 g 

resulted in a pellet containing large organelles and mitochondria. A last centrifugation for 

1 h at 100,000 g in a Beckman Optima™ TL ultracentrifuge equipped with an L-100 rotor 

sedimented aIl remaining organelles and membranes, leaving in the supernatant only the 

cytoplasmic proteins. Prior to using the pellet fractions in GST-fusion experiments, they 

were dissolved in 500 III of RIPA buffer with rocking for at least 1 h. 
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RESULTS AND DISCUSSION 

3.1 Tandem affinity purification method development and results 

The tandem affinity purification method was initially developed by Rigaut et al. in 

1999 (164) to study protein-protein interactions in yeast. The original TAP tag, 

composed of two IgG binding domains of Staphylococcus aureus protein A and a 

calmodulin-binding peptide separated by a tobacco etch virus (TEV) cleavage site, was 

fused at the C-terminus of the protein of interest (164). Since then, different N- and C­

terminal variations of the TAP tag were used successfully for studying not only protein­

protein interactions in yeast, but also protein interactions between soluble mammalian 

proteins. However, there are virtually no TAP studies done on mammalian integral 

membrane proteins, which could be explained by the difficulty of extracting membrane 

proteins from the lipid bilayer, while maintaining the interactions within their associated 

protein complex (es). In an effort to adapt the T AP method to the purification of NHE6-

bound protein complexes, the method as described by Anne-Claude Gingras and 

colleagues (76) was used as a starting point and several parameters were optimized 

thereafter, inc1uding lysis buffer and elution buffers composition, as weIl as duration of 

binding/elution steps and washes. A simplified graphical representation of the T AP 

procedure used in the present study, as weIl as the expression levels of TAP-tagged 

NHE6HA in two of the stable celllines used in our experiments, are shown in Figure 1. 

The pMZS3F expression vector used in the present study contains a modified TAP 

tag, composed of a triple flag epitope (3xFlag), followed by a calmodulin-binding 

peptide, separated by a TEV c1eavage site. As such, the conditions for the first elution 

step of the Anne-Claude Gingras' method were not applicable given that it is based on 

purification through prote in A and elution by TEV c1eavage. The modified T AP tag has 

the advantage of not requiring TEV, which cou1d inadvertently cleave NHE6 and/or its 

associated partners. The conditions and reagents suggested in the data sheet provided by 

Sigma-Aldrich upon the purchase of the 3xFlag peptide were used as a guideline for the 

affinity purification using the anti-Flag M2 Affinity Gel. 
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Figure 1: Tandem affinity purification method and NHE6HA_TApexpression in HEK 

293 stable celllines 

A) Cartoon representation of the two affinity purification steps of the TAP method. 

B) Different levels of expression of NHE6HA-TAP in various clones of stable HEK 293 

cells. HEK 293 cells were transfected with pMZS3F-NHE6HA and individu al colonies 

surviving a 0418 selection were collected and grown to confluency in lü-cm dishes. 

Cells were lysed in TAP-Iysis buffer and equal amounts of lysates for each clone were 

separated by SDS-Polyacrylamide gel electrophoresis (SDS-PAOE). The membranes 

were blotted with an anti-HA (1 :5,000) antibody. The arrows indicate the clones 

selected for TAP experiments: a low expressing clone (1) and the high expressing 

clone (5). 

C) Expression levels and localization of the HEK 293 NHE6HA-TAP expressing stable cell 

lines selected for study. Cells were grown on glass coverslips and fixed and 

permeabilized. NHE6HA-TAP was visualized by staining with a primary monoclonal 

anti-HA (1:2,000) and a secondary Alexa Fluor 568 - conjugated anti-mouse antibody 

(1:2,000). Panels a and b represent clones 1 and 5 respectively. 
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The first step towards the T AP method optimization was the comparison between 

two lysis buffers: a modified version of the lysis buffer according to Anne-Claude 

Gingras' recipe and the commercial CelL ytie 1 ysis buffer. This test was inspired from a 

previous study done by Qiang et al. (112) who compared four different lysis buffers for 

their efficiency of extracting the polycystin-2 channel. They found that CelLytic was the 

best in extracting this integral membrane protein, which motivated us to test its effieacy 

for NHE6. Preliminary results using small scale preparations indicated that the CelLytie 

lysates gave stronger signaIs for NHE6HA-TAP than the traditionally used lysis buffer, 

when equal amounts of lysates were separated by SDS-Polyacrylamide gel 

electrophoresis (SDS-PAGE) and visualized by Western blotting (data not shown). 

However, when the entire medium scale TAP procedure (as described in Table 1) was 

done with both lysis buffers and the proteins at different purification steps were 

visualized on a silver-stained polyacrylamide gel, the final eluate using the CelLytic lysis 

buffer contained much less and much lower amounts of proteins than the Anne-Claude 

Gingras' recipe (data not shown). With the concern that CelLytic might disrupt too much 

the protein interactions, the latter lysis buffer was selected. 

The major difficulties encountered were the po or recovery of NHE6HA-TAP bound 

complexes from both affinity purification columns. The problem was especially 

pronounced for the elution of the purified complexes from the Calmodulin Sepharose 4B 

beads, as virtually no proteins could be recovered unless the mild denaturing detergent 

RapiGest-SF was present. Considering that this reagent is relatively expensive, additional 

tests were done to determine the lowest amount that could be used without affecting 

protein recovery. The RapiGest-SF concentration was thus decreased from 0.1% 

(small/medium scale experiments) to 0.025% (large sc ale experiments) (Table 1). 

Similarly, there was a significant loss of NHE6 protein on the M2 beads. To 

optimize this step, several approaches were used, amongst which the use of the TEV to 

cleave off the NHE6-bound complexes instead of competing it off with 3xFlag peptide. 

There was not a significant difference between these two means of elution as shown in 

Figure 2 A, thus the less compromising use of the 3xFlag approach was used. An 

increase in 3xFlag peptide concentration in the elution buffer did not significantly 
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Table 1: Comparison of the experimental conditions used for different scale tandem 

affinity purification experiments 

FINAL METHOD: Large scale Medium scale Small scale 

6 batches of 6 tubes of 1 x 175 cm' dish 3 tubes of 4 x 10-cm dishes 2 x 100cm dishes 
oa Ola oa 

Experimental conditions Incub. No. of vol. NO.of vol. Method vol. 
No Step Description (vol. per Eppendorf tube) time tubes (ml) Method differences tubes (ml) differences (ml) 
1 Preclearing the Iysates 20 ~I agarose beads 

>1 h 6 6 3 3.6 (Qlutathione) 

Incubating the precleared 
25 ~I of M2 beads >2 h 6 6 3 3.6 ON 0.5 

Iysates on M2 beads 
2 Supernatant trom the M2 

incubation 
6 6 3 3.6 0.5 

Three (3) washes after the M2 colleet beads in 2 tubes 
2 1 

incubation (75 ~lItube) 

3 M2 beads pre-elution 2 1 1 0.5 

4 Two (2) elutions with 3XFlag add 500 ~I M2 buffer with 200 200 ~I of 500 

peptide nglui 3XFlag peptide ON 2 2 one (1) elution 3xFlag 1 0.5 nglul 3XFlag 0.4 

5 M2 beads post-elution 1 0.5 1 0.5 0.5 

Incubation on Calmodulin 20 ~I CS beads + 500 ~I 500 ~I Eluate + 500 ~I 

Sepharose (CS) beads 
Eluate + 800 ~I CBB + 10 ~I ON 4 5.2 CBB + 400 ~I CBB rinse; 1 1.4 3h 1.4 
CaCI,(1M) 3h 

Two (2) washes with CBB 
collect beads in 1 tube 

1 1 (80 ul beads) 

Three (3) washes with CRB 1 1 

6 CS beads pre-elution 1 1 1 1 

7 Final elutions 
CEB + 0.025% RapiGest-SF 

1 h 
1 1 

+ 0.1 % RapiGest~SF; 
1 

0.1% RapiGest 
0.4 

(2 x 500 III or 3 x 333 Ill) each 20 min each 0.5 20 min each 

8 CS beads post-elution 1 1 1 1 
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improve the recovery. It was enhanced above aIl by augmenting the elution duration 

from 30 minutes to several hours through the use of two elution steps. 

The above improvements resulted in an estimated final NHE6-protein recovery of 

nearly 20% of the NHE6 present in the lysate (Figure 2A). At this point, the method was 

deemed sufficiently optimized for a large-sc ale preparation. Although comparable NHE6 

recovery was obtained in a medium scale purification experiment involving the lysis of 

twelve lü-cm dishes of cells (Figure 2B), a small difference between the medium and 

small-scale purification is in the presence of the core (faster migrating band) and 

glycosylated (slower migrating band) NHE6. It is possible that the core glycosylated 

form of NHE6 is more abundant than the fully glycosylated NHE6, which is not visible 

yet in Figure 2A due to a short exposure. A significant number of putative NHE6-

associated proteins were recovered from a medium scale experiment as revealed by the 

protein bands in lane 7 on Figure 2e. One should keep in mind that these proteins are 

associated in complexes, thus only a fraction of them interact directly with NHE6. In 

addition, given the low amount of detergents in the lysis buffer, it is likely that many 

protein interactions were preserved throughout the purification. 

At this point, the improved T AP method was considered to be adequate for the 

efficient purification of NHE6-associated complexes and their subsequent identification 

by mass spectrometry analysis. Unfortunately, the protein concentration in the final 

eluate was below the detection limits of the mass spectrometer, which could only detect 

and identify fragments corresponding to NHE6. There were two options for correcting 

the problem: modify the method to optimize the recovery or simply upscale the already 

established procedure. Due to time constraints, we chose the simpler solution and 

upscaled the TAP procedure ten-fold, resulting in the lysis of the equivalent of 120 lü-cm 

dishes for each sample analyzed by mass spectrometry. A total of three large sc ale TAP 

experiments were done, two of which using the higher expressing NHE6 cell line (clone 

5), and one using the lower expressing NHE6 cellline (clone 1). Even though in this last 

experiment twice as many cells were lysed (240 x 10-cm dishes) to compensate for the 

lower NHE6 expression, few peptides could be detected by mass spectrometry. This low 

NHE6 protein complex recovery is also illustrated in the sil ver stained gel (Figure 3), as 

there are virtually no purified proteins in the last lane (TAP Feb lü). 
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Figure 2: Relative amounts of proteins purified at different steps of the T AP 

procedure 

A) Amounts ofNHE6HA-TAP purified at different steps for a small scale TAP experiment. 

Equal volume fractions for each aliquot were separated by SDS-PAGE and the 

membranes were blotted with monoclonal anti-HA antibody (1:5000). The numbers 

on the top of each lane correspond to different aliquots: 1 - Precleared lysate, 2 -

Supernatant from incubation on M2· beads, 3 - M2 beads prior to elution with 3xFlag 

peptide, 4 - 3xFlag peptide eluate, 5 - M2 beads post 3xFlag peptide elution, 6 -

Calmodulin Sepharose beads prior to final elution, 7 - Final eluate, 8 - Calmodulin 

Sepharose beads post-elution. 

B) Same as A) but for a medium scale experiment. 

C) Proteins purified at different steps of a medium scale TAP purification. Proteins 

contained within aliquots of different volume fractions (as indicated) were separated 

by SDS-PAGE and visualized by silver staining. The numbers above each lane 

correspond to the same aliquots as in A), except for 6b, which is the supernatant from 

incubation with Calmodulin Sepharose beads. 
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Ctrl 
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~~~---- --~~~--~--~~ 

18 Aug 2005 8 Nov 2005 10 Feb 2006 

Figure 3: Aliquots of samples sent for mass spectrometry analysis visualized by 

silver staining 

The tandem affinity purification was repeated three times (18 Aug 05, 8 Nov 05, lü Feb 

06) using NHE6HA-TAP stably expressing HEK 293 cells. For each of the three different 

experiments, three samples were sent for analysis: a negative control sample (ctrl M2P), a 

sample from one-step purification using M2 beads (M2P) and a sample from tandem 

affinity purification (TAP). For the first two experiments (18 Aug, 8 Nov), the equivalent 

of 130 x lü-cm culture dishes of highly overexpressed NHE6HA-TAP (clone 5) were lysed. 

For the third experiment (lü Feb), the equivalent of 260 x lü-cm culture dishes of low 

NHE6HA-TAP overexpressed (clone 1) cells were used. The proteins that remained bound 

to the M2 beads post-elution were removed with detergent and send for mass 

spectrometry analysis as well (M2P). As a negative control, cells from 20 x lü-cm dishes 

of HEK 293 cells transfected with empty plasmid were purified with M2 beads and eluted 

with detergent (ctrl M2P). For all samples, the final eluates were concentrated down to 

40J.l1. A 5-J.lI aliquot was loaded on 4-12% Tris-Glycine gel and silver stained. 
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For each T AP experiment, eluates from one-step affinity purification by M2 anti­

Flag beads and control samples were analysed by mass spectrometry. Given that nearly 

50% of the NHE6-complexes remained bound on the M2 beads post 3xFlag elution, it 

was convenient to elute them in the presence of RapiGest-SF and to use this sample, 

called "M2P" for prote in identification with mass spectrometry. In addition, for each 

TAP experiment a control purification of non-transfected HEK 293 cell lysates with M2 

beads (ctrl M2P) was done to identify and thus disregard proteins, which bind non­

specifically to the beads (only one of the three control experiments is shown in Figure 3). 

The final list of NHE6-interacting proteins, displayed in Table 2, contains results 

combined from three separate mass spectrometry analyses; the first two being replicate 

runs from the same experiment (dated 18 August 2005) and the third one being a separate 

experiment (dated 8 November 2005). As expected, NHE6 was the most abundant 

protein and was present in aIl of the samples. A total of 76 NHE6-interacting proteins 

were identified, 28 of which were present in the T AP eluates and are written in boldo A 

detailed version of Table 2, which includes results from individual experiments, is 

provided in Appendix C. It gives information on the reproducibility of the technique. 

For instance, the reliability of the mass spectrometry instrumentation was tested by 

injecting twice the same TAP sample: on the 18th of August and on September the 2nd
• 

Out of the 20 proteins identified in each of the two mass spectrometry analyses, 15 were 

the same. In addition, 18 proteins were identified in a separate T AP experiment 

(November 8th
), 14 of which were present in either or both of the two previous analyses. 

Thus, the TAP technique used in this study is reasonably reproducible. 

Amongst the putative NHE6-associated partners, several interesting candidates 

include elements of the cytoskeleton (actin, tubulin) and cytoskeleton-associated proteins 

(myosin light chain kinase, kinesin, cytoskeleton-associated protein 4) as weIl as proteins 

involved in vesicle trafficking su ch as the small GTPases (Rab7, Rab1B, Rab2B) and 

ubiquitin. Several integral membrane proteins were also identified, including two Ca2
+ 

transporting A TPases and the monocarboxylate transporter. Regulatory molecules such 

as calmodulin were also found in our final e1uates, although it remains to be verified if it 

fulfills similar functions in association with NHE6 like with other NHEs as previously 

38 



Table 2: NHE6HA-interacting proteins identified from replicate M2 affinity 

purification (M2P) and tandem affinity purification (T AP) experiments 

Protein name 
No. peptides 

Function 
Total Distinct 

Integral to membrane (organelles non-specified) 
NHE6 18 6 Na + /W antiporter activity 

ATPase Ca" transportinq, cardiac muscle slow twitch 2 4 2 calcium/proton transport, sarcoplasmic reticulum 

cytoskeleton-associated protein 4 (CKAP4) 3 3 

VAMP (vesicle-associated membrane protein)-associated 2 2 protein complex assembly, exocytosis, protein 
proteinA trafficking 

ATPase Ca" transportin!l, plasma membrane 4 2 2 calcium ion transport, metabolism 

phosphatidylserine synthase 2 1 phospholipid biosynthesis 

brain-selective and closely mapped on the counter allele of 1 
biosythesis 

CMAP in cystatin cluster 

transmembrane protein 41 B (KIAA0033) 
1 phosophoenolpyruvate-dependent sugar 

phosphotransferase system 

microsomal glutathione S-transferase 1 (MGST1) 1 microsome, GST activity 

monocarboxylate transporter 1 (MCT1) 1 organic ion transport 

Acyl-CoA synthetase 1 lipid metabolism 

basigin, EMMPRIN, CD147 
1 

cell surface receptor linked to signal transduction 

neutral amino acid transporter 1 dicarboxylic acid transport 

1 protein transport, cell cycle regulation, signal 
RAPtB, member of RAS oncogene family 

transduction, immunoglobuin family 

Endoplasmic Reticulum 
BiPprotein 8 6 chaperone, lumen 

ribophorin " precursor (RPN2) 6 4 N-linked glycosylation via asparagine 

aldehyde dehydrogenase 3A2 6 4 membrane, lipid metabolism 

ribophorin 1 4 2 membrane, protein amino acid glycosylation 

signal sequence receptor, delta (translocon-associated protein 3 3 membrane, intracellular protein transport, Ca2
' 

delta) bindinq 
calnexin 3 2 lumen, chaperone 

translocating chain-associating membrane protein 2 1 

(TRAM1) 
translocation of secretory proteins 

delta7-sterol reductase (07SR); 7-dehyrocholesterol 1 
reductase (OHCR7) 

membrane, cholesterol biosynthesis 

olig2Saccharvltransferase 1 membrane, N-linked qlycosylation via asparaqine 

zinc metalloproteinase STE24 homolog 1 membrane ER, Golgi, proteolysis and peptidolysis 

SURF-4 isoform, surfeit 4 1 membrane, unknown function 

c, ' . Mitochondria 
voltage-dependent anion channel 2 (porin) 5 4 outer membrane, anion transport 

ATP synthase. H' transporting. mitochondrial F1 2 2 
inner membrane 

complex a subunit (ATP5a) 
tricarboxylate carrier protein 2 1 tricarboxylate/iron carrier 

translocase of outer mitochondrial membrane 70 homolog A 
2 1 

integral to membrane, protein binding 

leucine-rich PPR motil-containing protein 1 protein/RNNDNA binding 

B-cell receptor associated protein 1 inner membrane, regulation of transcription 

prohibitin 1 inner membrane, DNA replication, cell cycle 

chaperonin (HSP60) 1 matrix, protein folding 

transmembrane protein, motor protein, mitofilin 1 inner membrane, unknown function 

heat shock 70kD protein 9B 1 Iprotein folding 

iPeripheral benzodiazepine receptor 
1 outer membrane, signal transduction, protein-

mitochondrial targeting, also at plasma membrane 

; Nucleùs 
heat shock 70kDa protein 1A 9 5 protein folding 
ubiquitin 3 1 protein modification, cell cvcle 

HNRPHI 3 2 RNAbinding 

thymopoietin isoform j3 3 3 lamino-associated polypeptide 2 / emerin 

leucine-rich PPR motif-containing protein 1 proteinlRNNDNA binding 

B-cell receptor associated protein 1 inner membrane, regulation of transcription 

BCL2-associated transcription factor 1 1 regulation of transcription 

lamin B rec§ltor 1 integral to nuclear membrane, DNA bindinq 
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Protein name 1 No_ peptides 1 
Function 

Total 1 Distinct 
Cytôskeleton 

actin-13 26 11 
l3-tubulin 20 9 
a-tubulin 15 5 

tropomodulin 3 1 actin capping protein complex 

Cytosol 
heat shock 70kDa protein lA 9 5 protein lolding 
myosin light chain kinase (MLCK) 5 2 serine/threonine protein kinase 
protein phosphatase 1 BI 43 kDa isolorm 4 3 protein amine acid dephosphorylation 
calmodulin 4 3 Ca2

+ bindinq, ceU cycle 
B-indl protein 3 1 smaU GTPase mediated signal transduction 
ubiquitin 3 1 protein modilication, ceU cycle 
chain A, crystal structure 01 human carbonyl reductase 1 3 3 
(Cbrl) in complex with hydroxy-Pp 

short-chain dehydrogenase-reducatase, metabolism 

small GTP binding protein Rab7 2 1 Golgi, protein transport, endocvtosis 
ancient ubiquitous protein 1 (AUP1) 1 integrin signalling 
RAB2B 1 ER, Golgi, intracellular protein transport 
RAB lB 1 intracellular protein transport 

kinesin-related protein 
1 microtubule associated complex, microtubule-based 

movement 
ribosomal protein S3 4 2 protein synthesis 
ribosomal protein 518 3 2 protein synthesis 
ribosomal protein L Il 2 1 protein synthesis 
PREDICTED: similar to 405 ribosomal protein 517 2 2 protein synthesis 
similar to ribosomal protein L23 (RPL23) 2 1 protein synthesis 
similar to ribosomal protein 514 1 protein synthesis 
ribosomal protein L13 (RPL13) 1 protein synthesis 
PREDICTED: similar to ribosomal protein 527 1 protein synthesis 

c Unkno~n function and/or location 
CHCHD2 protein 5 2 
DNA dependent protein kinase catalytic subunit 4 3 DNA repair 
STMF151 2 1 
KIMOO90 2 1 
transmembrane protein, uncharacterized hypothalamus 2 1 
protein HTMP 
hypothetical protein LOC55379 1 
MBC3205 1 
UNQ501 protein 1 
KIAA0887 protein 1 
PREDICTED: similar to Enhancer 01 rudimentary homolog 2 1 regulation 01 ceU cye le 
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described. We also had a few surprises, notably many mitochondrial and nuclear 

proteins for which a physiological interaction with NHE6 is difficult to envision. 

As stated in the research ration ale section, the T AP was done as a complementary 

approach to the yeast two-hybrid method and we expected to find sorne common as weIl 

as different NHE6-interacting proteins from the two methods. To our surprise, there were 

virtually no common proteins, except for ~-tubulin and perhaps Rac1 found in the Y2H, 

which regulates the protein B-indl, identified through TAP. Far from discrediting both 

methods, these seemingly divergent results should be rather viewed as complementary, 

considering the significant differences between the two approaches. Indeed, while the 

Y2H screening was do ne with a brain cDNA library, the TAP was done in completely 

different cells, namely a human embryonic kidney cellline. Given that these specialized 

cells fulfill totally different functions, it is likely that NHE6 does not interact necessarily 

with the same complement of proteins in both. Another explanation for the different 

results is the fact that the Y2H method detects direct protein interaction with the tail of 

NHE6, while the TAP allows one to identify proteins within NHE6-interacting 

complexes. Moreover, the Y2H method is somewhat artificial in that it only uses part of 

NHE6 to measure interactions with fragments of proteins, which might never encounter 

NHE6 under physiologie al conditions, thus resulting in many false positives. The 

advantage of the T AP method is that it is done under close to physiologie al conditions, 

thus having a lower faIse positive incidence (about 15%) compared to the Y2H method 

(45 to 80%) (68). On the other hand, many protein-protein interactions under 

physiological conditions are transient, thus it is possible that several weakly bound 

complexes are 10st during the purification. 
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3.2 Overview of the experimental results obtained for eight putative NHE6-

interacting proteins selected for study 

This Master' s thesis encompassed the study of eight different putative NHE6-

interacting proteins, four of which were found through a yeast two-hybrid screening of a 

brain cDNA library and four others, through tandem affinity purification of NHE6 stably 

transfected HEK 293 cells. Table 3 contains a list of these proteins as well as a surnrnary 

of the different experirnents do ne to validate their interaction with NHE6. The 

highlighted proteins (APOD, ATP5Al and MLCK) showed positive NHE6-interaction 

and were studied rnost extensively, as indicated by the large nurnber of experirnents. 

Each of thern will be discussed in greater detail in subsequent sections. Although sorne of 

the rernaining five proteins showed weak interactions with NHE6, none of thern was 

studied further due to lack of confidence in the results and tirne constraints. 
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Table 3: Summary of the results from experiments testing the interaction between 

NHE6 and eight putative interacting partners 

Nurri~ro{ !"xperiments l..~?CPfi!dmental Result ; .. '~', 'c" }e,'_ .. <", 

Name ofPutàtivli! NHE6 Binding Proteln Intêtacti6n?i 
COol!, lSM3 GST C.o~IP .. LSM3 GST ,;:,.;;~·t;>·,:".~'>: 

Apolipoprotein D (APOD) 6 3 2 weak NO weak non-specifie 
y 

Prostaglandin D2 synthase (PTGDS) 3 1 weak small 
2 need more 
H Ubiquitin conjugating enzyme variant 2 (UBE2V2) 1 1 yes NO experimental 

Chloride intracellular channel 1 (ClIC1) 1 
evidence 

NO 

ATP synthase H+ transporting, F1, alpha (ATP5A1) 6 2 4 positive weak positive positive 
T 
A Myosin li!Jht chain kinase (MlCK) 3 2 positive partial Jlositive 

P Calmodulin 2 NO need more 

NO 
experimental 

Ubiquitin 3 evidence 
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3.3 Interaction between NHE6 and apolipoprotein D 

Within the scope of this thesis, apolipoprotein D was the most extensively studied 

NHE6-interacting protein identified through the yeast two-hybrid screening. A total of 3 

different clones from a brain cDNA library were found to directly interact with NHE6 C­

tail, which made APOD a promising candidate. Apolipoprotein D is a 29-kDa 

glycoprotein with a ~-barrel tertiary structure, found in association with high density 

lipoproteins in human plasma (120). It binds to a variety of molecules, including 

cholesterol (147), bilirubin (150), steroids (148) and arachidonic acid (127). Although its 

exact physiological role is unknown, it is proposed to be a multi-functional transporter of 

small hydrophobic molecules. It is found predominantly in adrenal glands, pancreas, 

kidneys, placenta, spleen, lungs, ovaries, testes, brain, peripheral nerves and cerebrospinal 

fluid (32,63). Apolipoprotein D is mostly expressed in fibroblasts found in proximity to 

blood vessels (159,180), as weIl as in astrocytes, oligodendrocytes and endoneurial 

fibroblasts (132,183). Intriguingly, high levels of apolipoprotein D are observed in 

several disorders, including breast cancer (86), prostate carcinomas (11) and 

neurodegenerative conditions su ch as Alzheimer' s disease (191). In addition, it is 

upregulated in quiescent ceIls (159) and in regenerating peripheral nerves (35). Knowing 

that apolipoprotein D is a secreted protein and that part of, or the entire, NHE6 C-tail 

could be luminal, similarly to its yeast homologue ScNhx 1, we hypothesised that NHE6 

could serve as a receptor to internalize this lipocalin and its cargo. 

This hypothesis could be tested by looking for the binding region of 

apolipoprotein D on NHE6 tai!. To this end, an in vitro binding experiment was done 

between GST -fusion constructs of NHE6 C-tail fragments and in vitro translated 

apolipoprotein D lableled with radioactive methionine (APOD-3SS) (Figure 4). The latter 

showed interaction with aIl NHE6-GST fusion constructs, except for the extremity of the 

NHE6 C-tail ranging from amino acids 608 to 669. Even though the fraction of 

APODesS), which bound to parts of NHE6 tail was minimal with respect to the total 

amount loaded (Figure 4, lane 1), it is probably a true interaction as no APODesS) bound 

to GST protein alone (Figure 4, lane 2). Overall, the result from this in vitro binding 

experiment shows that APOD binds to the very beginning of NHE6 C-tail and its binding 
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Figure 4: In vitro binding of APODesS) with GST -fusion constructs of NHE6 regulatory 
tail 

Apolipoprotein D was translated in vitro by adding 0.2 )lg of pCDNA3-APOD into a 40 

)lI of rabbit reticulocyte TnT T7 Quick Coupled Transcription/Translation system in the 

presence of 2 )lI 3SS radioactively lableled methionine. Three (3) )lI of this in vitro 

translated mixture were added to each reaction tube containing a different NHE6 C-tail 

GST-fusion construct. Following an ovemight incubation and extensive washing, the 

protein samples were run on a SDS-Polyacrylamide gel, which was stained with 

Coomasie blue to show equal GST -fusion construct loading (bottom panel). After drying, 

the gel was exposed for 3 weeks on a Molecular Dynamics Storage Phosphor screen 

cassette and visualized with a Phosporimager instrument. 
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region might extend up to amino acid 608. Although this observation supports the idea of 

a luminally oriented NHE6 regulatory tail, it does not account for the observed interaction 

between other NHE6-interacting proteins, such as Rackl, which reside in the cytosol and 

show a similar binding pattern to APOD (Ilie, A. & Orlowski, J., unpublished data). To 

resolve this discrepancy and to confirm that APOD interaction with NHE6 C-tail 

fragments is specifie, zn vitro binding experiments with different NHE6-GST fusion 

constructs is required. 

To confirm the observations from the GST-fusion pull-down experiments, the 

interaction between NHE6HA and APODmyc was tested zn vivo by co­

immunoprecipitation. As indicated in Table 3, a total of 6 co-immunoprecipitation 

experiments were done for which a representative blot is shown in Figure 4A. In this 

particular experiment, NHE6HA and APODmyc were co- transfected in CHO cells and the 

immunoprecipitation was done with both anti-myc, top panel, and anti-HA, bottom panel, 

antibodies. Even though sorne NHE6HA came down along with the immunoprecipitated 

APODmyc (top panel, lane 4), it was but a small fraction from the total NHE6HA (top 

panel, lane 5). Similarly, the signal was at the verge of detection when the inverse 

experiment was done, whereby the SuperSignal West Femto Maximum Sensitivity 

Substrate was used to detect APODmyc (bottom panel, lane 4, middle band) bound to 

immunoprecipitated NHE6HA• The results were even less convincing when the two 

proteins were co-transfected in HEK 293 cells, as no signal could be detected even in the 

lysates, which means that APOD is poorly expressed or secreted in these cells, under the 

experimental conditions used. To ensure that the observed interaction was real, several 

controls were done, including a sample in whieh non-specifie IgG antibody was used to 

see if any of the two pro teins bind non-specifically to the beads (lane l) and a sample of 

non-transfected cells, in case the antibody used for blotting recognizes non-specifie 

proteins. An additional control shows that the interaction with APOD might not be 

exclusive to NHE6, but could extend to other NHEs, such as NHEI (lane 2). In 

summary, the co-immunoprecipitation experiments did reveal a weak interaction between 

the overexpressed epitope-tagged APOD and NHE6, but the question of whether the 

interaction is specifie or physiologieally relevant remains unanswered. 
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Figure 5: Testing the interaction between NHE6HA and APODmyc by co­

immunoprecipitation and confocal microscopy 

A) Interaction between NHE6HA and APODmyc by co-immunoprecipitation. NHE6HA and 

APODmyc were co-transfected in CHO cells. Twenty four hours (24) post­

transfection, the cells were lysed and polyclonal anti-myc or anti-HA antibodies were 

added to the pre-cleared lysates. The immunoprecipitated proteins were separated by 

SDS-PAGE and transferred to PVDF membranes. The membranes were visualized 

with the Enhanced Chemiluminescence detection kit when blotted with a monoclonal 

anti-HA antibody (1:10,000) or with the SuperSignal West Femto Maximum 

Sensitivity Substrate wben blotted with monoclonal anti-myc antibody (1:1,000). The 

same experimental conditions were used for the control experiments. The band 

indicated by the arrow represents APOD protein. 

B) Comparison of the cellular distributions of NHE6HA and APODmyc in CHO cells. 

Cells were grown on glass coverslips and co-transfected with NHE6HA and APODmyc• 

Twenty four (24) hours post -transfection, the cells were fixed, permeabilized and 

dually lableled with a rabbit polyclonal anti-HA (1:1,000) and a mouse monoclonal 

anti-APOD (1: 100) primary antibodies, followed by Alexa Fluor 488 (green) -

conjugated anti-rabbit (1 :2,000) and Alexa Fluor 568 (red) - conjugated anti-mouse 

(1 :2,000) secondary antibodies. Four representative images out of a z-stack 

containing a total of eight slices are shown. Each slice is 6 !-lm thick and was obtained 

at a different cell depth with respect to the coverslip's contact surface: slice one is 2nd 

of 8, slice two is 3rd of 8, slice three is 4th of 8 and slice four is 6th of 8. The scale bar 

represents 10 !-lm. 
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In an effort to answer this question, a different means of validating the interaction 

was used, name1y to look for co-Iocalization of the two proteins using laser scanning 

confocal microscopy. Figure 4B shows four slices at different depths of two CHO cells 

transiently co-transfected with NHE6HA and APODmyc• No overlap of the two signaIs 

could be observed, as 24 h post-transfection, NHE6 and APOD Iocalize in distinct set of 

vesicles. Considering that APOD is a secreted protein, it is presumably found in vesicles 

of the exocytic pathway. Knowing that APOD expression is increased in quiescent cells 

and presuming that the secreted protein will eventually get internalized through 

endocytosis, we expected to see sorne co-Iocalization between NHE6HA and APODmyc in 

non-proliferating cells. To this end, CHO cells were co-transfected with both proteins 

and serum-free media was applied 24 h post-transfection. Cells were fixed and labeled 2, 

4 and 6 days post-transfection and visualized using confocal microscopy. Contrary to our 

expectations, not one vesicle containing both proteins could be found and the APOD 

signal decreased with time (data not shown). A few possible explanations for this low 

APOD expression are that it significantly increases only after 2 to 3 weeks in HEK 293 

cells (60) and/or that not all types of cells overexpress APOD at the same levels when 

subjected to stress conditions, su ch as serum starvation (60). The results from the se co­

localization experiments are inconclusive, as apolipoprotein D might weIl interact with 

NHE6 under appropriate physiologie al conditions which could not be reproduced in our 

experiments. 

Taken together, these results suggest that under the experimental conditions used 

in this study, apolipoprotein D interacts weakly with NHE6 and that this interaction could 

be non-specifie as indicated by a wide binding region, revealed by GST -fusion pull­

downs, which overlaps with the cytosolic protein Rack!, and by an interaction with 

NHEI. Even though more questions have been raised than answered by these preliminary 

data, they constitute an important basis for the design of future experiments. Severai 

approaches could be used to enhance the expression of apolipoprotein D and to mimic its 

activity in close to physiological conditions. For instance, COS cells, which have been 

shown to be good overexpressors of APOD when subjected to serum starvation (60) 

could be used. Alternatively, its levels could be increased by treating ceIls with 

dihydrotestosterone (DHT), dexamethasone (DEX) or retinoic acid, which have been 
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shown to stimulate APOD secretion (31,178), or simply by adding sufficient amounts of 

the purified protein to the cell culture media. Given that APOD was identified as an 

NHE6-interacting partner using a brain cDNA library and that it has been found in sites 

of peripheral nerve regeneration (35), it might be interesting to use native antibodies to 

monitor the levels of APOD and its possible association with NHE6 in human 

astrocytoma U373MG cells subject to post-in jury recovery. It is not excluded that su ch 

experiments end up revealing that NHE6 assists in the internalization of APOD and its 

cargo, in particular cholesterol and its esters, thus contributing to post-in jury nerve 

regeneration (35). 

50 



3.4 Interaction between NHE6 and ATP synthase, H+ transporting, Ft complex, 

subunit (l 

It is puzzling that an important number of mitochondrial proteins were present in 

NHE6-associated complexes purified by TAP and M2P (Table 2), inc1uding 

transmembrane carrier proteins, ion channels and chaperones. Amongst aIl the 

mitochondrial proteins, only the ATP synthase, H+ transporting, FI complex, subunit a 

(ATP5a) was present in both TAP and M2P purifications. Even though, NHE6 was 

originally proposed to be a mitochondrial Na+/H+ exchanger (134), a number of studies 

provided evidence against this hypothesis (38,130). We were intrigued by this 

unexpected interaction between ATP5a and NHE6 and decided to further investigate it in 

quest of a novel function for one or both of these proteins. 

As it name indicates, ATP5a is a subunit of the mitochondrial A TP synthase, 

responsible for the conversion of ADP to ATP driven by the translocation of H+ from the 

intramembrane space to the mitochondrial matrix. The A TP synthase is made of two 

units: the FO complex, situated in the inner mitochondrial membrane and the FI complex, 

found in the space between the two mitochondrial membranes. The FI complex functions 

as a stator and is composed of three a subunits alternating with three ~ subunits, which 

are anchored to the membrane via the a,b and ù subunits (1). The rotor consists of the FO 

complex comprising the subunits y, 8 and c. The rotation of the y subunit, driven by the 

proton flux, causes a deformation of the ~ subunit responsible for the binding and 

transformation of ADP to ATP (1). Interestingly, reeent studies suggest that the function 

and location of the ATP synthase is not restricted to A TP-generation in mitochondria, 

since it was detected one the plasma membrane, where it can function as either A TP 

synthase or ATP hydrolase (18,115,128,145). Moreover, it was shown to act as a 

receptor for apolipoprotein A-I (115) and enterostatin (145) in addition to being inhibited 

by angiostatin (128). 

The interaction between transfected NHE6HA and endogenous A TP5a was 

extensively studied by co-immunoprecipitation experiments in stably transfected AP-l 

and HEK 293 ceIls, as weIl as in transiently transfected CHû celIs. All the experiments 

resulted in a positive interaction between the two proteins irrespective of whether 
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antibodies against ATP5a or against the HA-epitope were used to immunoprecipitate. A 

representative western blot of these experiments is shown in Figure 6A. In this particular 

experiment, aU the controls were negative, and this was not due to differences in 

immunoprecipitation efficiency or protein expression levels. However, in sorne 

experiments, NHEI also showed to immunoprecipitate with ATP5a (data not shown), 

which raised a question about the specificity of the ATP5a-NHE6 interaction. To test this 

possibility, equal amounts of HA-tagged NHEs (except NHE4 and NHE7) were 

transfected in CHû ceUs and immunoprecipitated with an anti-HA antibody (data shown 

in Appendix D). When blotted against an anti-ATP5a antibody, NHE6HA gave the 

strongest signal, while NHE3, NHE5 and NHE9, which aU coincidently transit or reside 

in recycling endosomes, gave moderate signaIs. The other NHEs and the con troIs showed 

no interaction with A TP5a. Even though these results suggest that the interaction of 

ATP5a is restricted to endosomal NHEs and most particularly to NHE6, this experiment 

was done but once and bears repeating before any definite conclusion is reached. 

Virtually no co-Iocalization between NHE6HA and endogenous ATP5a could be 

observed in NHE6HA stably expressing HEK 293 cells, in spite of the biochemical 

evidence for their interaction. Despite the absence of overlap, in most cells observed, 

NHE6-containing vesicles were found next to mitochondria, as if they were touching. 

This is nicely illustrated in Figure 6b, which shows several slices of the same cell. In 

addition, in a few locations, indicated by the arrows in the merged images, the two signaIs 

overlap. This piece of evidence is far from proving any real contact or exchange between 

mitochondria and vesicles of the endocytic pathway. Nonetheless, it supports the idea 

proposed by other researchers that in certain situations, such as in iron transport to the 

mitochondria, these two organelles could exchange material (212,229). Indeed, White et 

al discovered that haemoglobin deficient mice have an ex on deletion in the gene Sec1511, 

which is homologous to the yeast vesicle docking protein SEC15 (212), this suggests that 

transport of iron from transferrin-containing vesicles to mitochondria requires vesicle 

docking. This observation is supported by the work of Zhang et al., who observed that 

the addition of Bafilomycin AI, which prevents endosomal acidification and 

consequently the dissociation of iron from the Tfn-R, and the inhibition of myosin light 
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Figure 6: Validating the interaction between NHE6HA and ATP5a by co­

immunoprecipitation and immunofluorescence microscopy 

A) Interaction between NHE6HA and ATP5a by co-immunoprecipitation. NHE6HA was 

transfected into CHû cens. Twenty four (24) hours post-transfection, the cens were 

lysed and polyclonal anti-HA or monoclonal anti-ATP5a antibodies were added to the 

pre-cleared lysates. A non-specifie IgG antibody was used as a negative control. The 

immunoprecipitated proteins were separated by SDS-PAGE and transferred to PVDF 

membranes. The membranes were blotted with 1:8,000 monoclonal anti-ATP5a or 

1:4,000 polyclonal anti-HA antibodies. The lysates contain 1/30th of the total volume 

used for immunoprecipitation. 

B) Cellular distribution of NHE6HA and endogenous ATP5a in NHE6HA stably 

expressing HEK 293 cells. The cens were grown on poly-L-Iysine coated glass 

coverslips and fixed with 4% PFA. Upon permeabilization, the cens were dually 

labeled with a polyclonal anti-HA (1:1,000) and a monoclonal anti-ATP5a (1:300) 

primary antibodies, followed by an Alexa Fluor 488 (green)-conjugated anti-rabbit 

and an Alexa Fluor 568 (red) - conjugated anti-mouse secondary antibodies (1:2,000). 

Three representative images out of a z-stack containing a total of fifteen (15) slices are 

shown. Each slice is 6 ~m thick and was obtained at a different cell depth with 

respect to the coverslip's contact surface: slice one is 2nd of 15, slice two is 3rd of 15 

and slice three is 7th of 15. The scale bar represents 5 ~m. 
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chain kinase, involved in the movement of vesicles on microtubules, inhibited the transfer 

of endocytosed iron into heme (229). From these observations, and knowing that unlike 

other cell types, red blood cells do not accumu1ate cytoso1ic iron in the form of ferritin 

(2,156,163) Zhang et al. propose that the transfer of iron occurs through direct contact 

between endosomes and mitochondria in erythroid cells. 

Even though the confocal microscopy images show that certain NHE6-containing 

endosomes are adjacent to and even touching mitochondria, this cou1d not exp1ain the 

interaction observed by immunoprecipitation. Considering that A TP5a is also found on 

the plasma membrane, co-Iocalization studies were done on non-permeabilized cells to 

observe surface distribution of NHE6 and ATP5a. Unfortunately, these studies were not 

successful, as the signal for A TP5a was very weak, while the distribution of NHE6 

seemed similar to its distribution in permeabilized cells (data not shown). The strong 

NHE6 signal could be caused by a partial permeabilization of the membrane by the PF A 

used for fixing, allowing the primary antibody to bind to vesicles underneath the plasma 

membrane. From these experiments, we could not determine if NHE6 and A TP5a 

interact on the cell surface. 

To further characterize the interaction between NHE6 and ATP5a, we tested the 

binding of endogenous A TP5a from celllysates with GST -fusion constructs of NHE6 C­

tail fragments (Figure 7). A total of six GST-fusion constructs were tested, including the 

whole NHE6 tail. In addition, GST a10ne and NHEI C-tail fused to GST were used as 

negative contro1s. The top panel in Figure 7, shows a stronger binding of A TP5a with 

NHE6 regu1atory tail fragments of increasing size, up to amino acid 600 and no binding 

with the extremity of the C-tail. This variation in binding affinity is not caused by an 

uneven GST-fusion proteins or 1ysate loading (Figure 7, bottom two panels). From this 

data, one can deduce that the binding region of endogenous ATP5a from CHû lysates 

extends from the beginning of the regulatory tail (amino acid 499) of NHE6 up to amino 

acid 600, and that this entire fragment is necessary for efficient binding. This observation 

is not entirely supported by resu1ts obtained from a simi1ar experiment done with HeLa 

1ysates, which show the same binding region, but no increase in binding efficiency with 

growing fragment sizes. This suggests that the extremity of the C-tail, ranging from 

amino acids 499 to 523, might be sufficient for efficient binding. More in vitro binding 
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Figure 7: In vitro binding of ATP5a and ATP5Jl with GST-fusion constructs of 

NHE6 regulatory tail 

Equal amounts of NHE6 C-tail GST-fusion constructs (bottom panel) were bound to 

Glutathione Sepharose beads during a two-hour incubation. Celllysates (CHû or HeLa) 

from two (2) 10 cm dishes were added to each NHE6 C-tail GST -fusion construct and 

incubated ovemight. After extensive washing, the protein samples were separated by 

SDS-PAGE and transferred to PVDF membranes. The membranes were blotted with 

endogenous anti-ATP5a (1:6,000) and anti-ATP5J3 (1:2,000) antibodies. 
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experiments with different GST-fusion constructs are currently being done to clarify this 

issue and determine the exact binding site. In addition, given that these experiments are 

done with cell lysates, it is impossible to say whether ATP5a binds directly to NHE6 C­

tail or whether it does so through an intermediate within the same complex. One way to 

verify this would be through GST -binding studies with in vitro translated A TP5a. 

Considering that we identified ATP5a as an NHE6-interacting protein via the 

TAP method, we expect that it does so in a protein complex. Upon examination of the 

results from the tandem affinity purification (Table 2), no other mitochondrial proteins, 

thus no other subunits of the ATP synthase, could be seen. It is possible that they were 

bound weakly and were lost through the numerous washes. Nonetheless, this is 

improbable, as they were not present even in the single step affinity purification using the 

M2 beads. We were also intrigued that the beta subunit did not show up in our 

immunoprecipitation experiments. Suspecting that in vivo, ATP5~ does not interact with 

NHE6, we were curious to see if this still holds in vitro. To this end, we reblotted with an 

endogenous antibody against ATP5~ the same membrane used for GST-fusion pull down 

experiments with ATP5a (Figure 7, second panel). We were perplexed to see a similar, 

although fainter, binding pattern to ATP5a, but no interaction of ATP5~ with the whole 

NHE6 regulatory tail. At this stage, it is premature to draw definite conclusions from this 

observation, although, it is safe to assume that the ATP synthase alpha and beta subunits 

do not interact with NHE6 in the same way. It seems that ATP5a interacts with NHE6 

separately from the ATP synthase complex, thus fulfilling sorne novel function. 

This possibility was further investigated by performing cell fractionation through 

gravit y centrifugation and looking for A TP5a in cell parts other than mitochondria, in 

particular the plasma membrane and the cytosol. Indeed, as previously mentioned, the 

A TP synthase is functional at the plasma membrane. In addition, its alpha subunit has a 

shorter splice variant, which gets translated from methionine 51 on and as a result lacks 

the mitochondrial targeting signal. We suspected that a certain fraction of the A TP5a is 

therefore not delivered to the mitochondria, but remains in the cytoplasm, where it fulfills 

a still-to-be-determined function. There is a precedent for A TP5a cytoplasmic 

accumulation associated with neurofibrillary degeneration in Alzheimer' s disease, 

although it is unclear by what mechanism (177). To find if it accumulates in the 
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cytoplasm of other cells, we sheared CHO and HEK 293 cells by repeated passage 

through a 26.5 gauge needle and subjected the mixture to gravit y centrifugation to 

separate the mitochondrial fraction from the plasma membrane and cytosolic fractions. 

Previous gravit y centrifugation studies in our laboratory showed that the pellet obtained 

from a lO-min centrifugation at 6,000 g contains large organelles, including mitochondria 

(Virdee & Orlwoski, unpublished data). This fraction, called P6, therefore contains 

mitochondrial ATP5a. A subsequent I-hour centrifugation at 100,000 g resulted in the 

separation of the plasma membranes (PlOO) from the cytosol (SlOO). Western blots of 

these lysate fractions using antibodies against a and ~ can be seen in Figure 8. As we 

expected, a signal for ATP5a, but not ATP5~ was detected in the cytoplasm. However, 

we were surprised that the molecular weight of this cytoplasmic protein was 70 kDa and 

not 53 kDa. A possible explanation is that the anti-ATP5a antibody recognises a 70 kDa 

chaperone, which shares a high sequence similarity with ATP5a, since they have a 

common evolutionary origin (73). Furthermore, in the few in vitro binding studies of 

these cell fractions, no interaction could be detected between the cytosolic 70 kDa protein 

and GST-fused NHE6 C-tail (data not shown). Before reaching a definite conclusion 

about the nature of this cytoplasmic protein recognized by the anti- A TP5a antibody, 

more in vitro binding studies with increased amounts of the cytoplasmic fraction need to 

be done. In addition, this cytoplasmic protein could be immunoprecipitated using the 

anti- ATP5a antibody and its sequence determined by mass spectrometry. Other than in 

the cytoplasm, the ATP5a, but not the ATP5~ is found in the PlOO fractions from CHO 

and HEK 293 cells. This suggests that in sorne subcellular compartment, other than the 

mitochondria and the cytoplasm, the ATP5a functions independently of the ATP5~. 

Overall, the results from the above experiments support the possibility that the 

alpha subunit of the mitochondrial ATP synthase interacts with the regulatory tail of 

NHE6 somewhere in the region spanning amino acids 499 to 600 and that it does so 

independently of the ATP5's beta subunit. This opens the possibility for a novel function 

of A TP5a in a cellular compartment other than the mitochondria. The localization of this 

ATP5a, as weIl as the reason behind its interaction with NHE6 remain to be revealed. 
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Figure 8: Distinct expressions of ATPSa and ATPSP in celllysates fractions 

separated by differential gravit y centrifugation 

Cells were sheared by multiple passages through a 26.5 gauge syringe in an isotonic 

sucrose-containing solution. The liberated organelles and sheared membranes were 

subsequently separated through a series of consecutive gravit y centrifugation steps. The 

fractured cells were first centrifuged at 700 g for 15 min to separate the nuc1ei from the 

remaining cell components. The resulting supematant was then centrifuged for 10 min at 

6,000 g to separate the bulky organelles, inc1uding mitochondria (P6) from the cytosol 

and fractionated membranes. The supematant was then subjected to a final centrifugation 

of 1 h at 100,000 g to separate the cytoplasm (SI00) from the membranes and light 

organelles (PI00). Equal volume fractions of aliquots from each centrifugation step were 

separated by SDS-PAGE and blotted with anti-ATP5a (1:8,000) and anti-ATP5p 

(1 :2,000) antibodies after transferring to PVDF membranes. 
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3.5 Interaction between NHE6 and myosin Iight chain kinase 

Myosin light chain kinase (MLCK) was found in the final eluates from both the 

one-step affinity purification on the anti-FLAG M2 agarose beads (M2P) and the tandem 

affinity purification (Table 2). We were interested to investigate the interaction of NHE6 

with MLCK mainly because of its regulatory function and the commercial availability of 

its specific inhibitor ML-7. These attributes of MLCK are advantageous as they allow 

broadening the range of experimental possibilities, considering that no functional assay 

for measuring NHE6 activity has been developed yet. 

Myosin light chain kinase is activated upon the binding of Ca2+/calmodulin (186) 

and phosphorylates Ser19 and Thr18 of the regulatory light chain (RLC) of myosin II 

(96). Myosins are a superfamily of motor proteins that hydrolyse ATP to generate 

unidirectional movement along actin filaments, causing muscle contraction, cytokinesis, 

movement of vesicles and even membrane trafficking and signal transduction (20,124). 

To date 17 different classes of myosins have been identified (45,92) among which myosin 

type II is the most extensively studied. Myosins contain a motor region, a neck region 

and a tail region. The motor region is highly conserved in aIl myosin classes and has an 

A TP-binding pocket and an actin-binding motif (61,160). The neck region is a helix of 

variable length, which has binding sites for myosin regulatory light chain and caImodulin 

(176). There is an extensive variability in the tail regions of different myosins and they 

are believed to determine the cellular localization and function of the myosin (176). 

Myosin heavy and regulatory light chains were present in NHE6-interacting complexes in 

the T AP experiment, but were considered as faIse positives, as they bound non­

specificaIly to the beads in the control experiments. Nonetheless, given the presence of 

actin and caImodulin in the T AP eluates (Table 2), we supposed that NHE6 forms a 

complex with calmodulin, MLCK, myosin and actin and as a result participates in vesicle 

movement along actin filaments. 

Prior to aIl other experiments on MLCK, the antibody against the endogenous 

MLCK was tested on CHû and HEK 293 cell lysates, to make sure that it recognises 

protein bands of the right size. There are many variants of the myosin light chain kinase 

of different molecular weights depending on species (135) and cell type (100). There are 
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two kinds of MLCK according to cell type: the skeletal muscle MLCK and the non­

muscle, smooth muscle MLCK. The skeletal muscle MLCK, whose molecular weight 

varies between 75 and 90 kDa according to species (135), is composed of a kinase 

catalytic domain and a regulatory domain that contains Ca2+/calmodulin-binding sites and 

autoinhibitory sequences (100). As it name indicates, its expression is restricted to 

skeletal muscle, while the non-muscle/smooth muscle type is expressed in skeletal, 

cardiac, smooth muscle and other tissues (90,110,233). Non-muscle and smooth muscle 

cells express several splice variants of MLCK (110), whieh can be subdivided into two 

types: a high molecular weight transcript of approximately 210 kDa and a low molecular 

weight one of 108-125 kDa (100). The short smooth muscle MLCK differs from the 

skeletal muscle MLCK in the sequence of its catalytic core and regulatory segment, in 

addition to having actin binding sites and three Ig domains (100). The long non-muscle 

MLCK includes the short MLCK plus a 900 amino acid N-terminal extension (206) 

containing two addition al actin-binding motifs and six immunoglobulin (IgG) motifs (99). 

This 210 kDa form is the predominant MLCK in non-muscle and cultured ceIls 

(29,71,200). This coincides with our observations in cultured HEK 293 ceIls, whieh 

express the 21O-kDa non-muscle MLCK at significantly higher levels than the shorter 

isoform (Figure 9A). Interestingly, the antibody recognized other bands, which cou Id be 

the short non-muscle MLCK, transcript variants or non-specifie proteins. There was no 

MLCK signal in CHO cells, indicating that it is either expressed at very low levels or that 

the antibody does not recognise MLCK from this species. 

Several co-immunoprecipitation experiments were done to test the interaction 

between transiently or stably expressing NHE6HA and endogenous or transiently 

expressing GFP-tagged MLCK in HEK 293 ceIls. In aIl the experiments, an anti-HA 

antibody (monoclonal or polyc1onal), was used to immunoprecipitate NHE6HA and the 

interacting MLCK was observed by blotting with a monoclonal anti-MLCK antibody. 

The reverse experiment was attempted, but the anti-MLCK antibody did not reveal itself 

to be potent for immunoprecipitation. There was variability in the strength of interaction 

between NHE6HA and MLCK, which could be attributed to the use of different batches of 

anti-HA antibodies or to the decreasing efficiency of the endogenous anti-MLCK 

antibody, as it was getting older. The strongest interaction between stably expressed 
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Figure 9: Validating the interaction between NHE6HA and MLCK by co­

immunoprecipitation 

A) Expression of different endogenous MLCK transcript variants in CHû (lane 1) and 

HEK 293 (lane 2) cells. Cell lysates were subjected to SDS-PAGE and endogenous 

MLCK was visualized by blotting with an anti-MLCK (1:7,000) antibody. 

B) Co-immunoprecipitation of transiently co-transfected NHE6HA and MLCKgfp in HEK 

293 cells. Two 10-cm dishes of confluent cells, per sample, were lysed and used for 

immunoprecipitation with a monoclonal anti-HA antibody (lane 2), or non-specifie 

IgG (lane 1). The protein samples were subjected to SDS-PAGE and transferred to 

PVDF membranes. The signal was visualized by Western blotting with either a 

monoclonal anti-MLCK (1:5,000) antibody (top and middle panels) or a polyclonal 

anti-HA (1 :4,000) antibody (lower panel). 

C) Co-immunoprecipitation of stably expressed NHE6HA and endogenous MLCK in 

HEK 293 cells. Two lü-cm dishes of confluent cells, per sample, were lysed and used 

for immunoprecipitation with a monoclonal anti-HA antibody (lanes 2 and 6), or non­

specifie IgG (lane 4) as a negative control. The protein samples were subjected to 

SDS-PAGE and transferred to PVDF membranes. The signal was visualized by 

Western blotting with either a monoclonal anti-MLCK (1:7,000) (top panel) or a 

polyclonal anti-HA (1:3,000) antibody (bottom panel). Cells transfected with pCMV 

were used as a negative control (lanes 1 and 2). 
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NHE6HA (clone 5 made for the T AP) and endogenous MLCK was observed when a 

monoclonal anti-HA antibody was used to immunoprecipitate (Figure 9C). This suggests 

that the monoclonal anti-HA antibody is better for immunoprecipitation than its 

polyclonal counterpart. Wh en both NHE6HA and MLCKgfp were transiently transfected in 

HEK 293 cells, the immunoprecipitation signal was strong, but there was also a weaker 

signal in the control experiment, indicative of non-specifie binding of myosin to the beads 

(Figure 9B). Such non-specifie binding of myosin occurred in the earlier TAP/M2P 

experiments and is not uncommon. 

The interaction between NHE6 and MLCK was tested in NHE6HA stably 

expressing HEK 293 cells with transiently transfected MLCKgfp. Figure 10 shows 

representative localization of these proteins in four different cells. Considering that the 

cells were not confluent, the majority of them were very flat and had many processes as 

revealed by the distribution of the green fluorescent signal emitted by the MLCK 

presumably associated with the actin cytoskeleton. A small percentage of cells, like the 

cell in panel B exhibited a different MLCK localization pattern with virtually no 

protrusions. This cell could be in a different stage of the cell cycle, post-mitotic for 

instance. Indeed, the activity of the long MLCK has been shown to be cell-cycle 

dependent, as it is phosphorylated differently during interphase and mitosis (64) and 

displays two-fold decrease in activity during mitosis (157). 

Figure lOB displays magnified sections of representative cells shown in panels B 

and C from Figure 10A. This closer look revealed that the localization pattern of sorne 

NHE6HA-containing vesicles closely follows the MLCK signal and its associated actin 

fibers, especially in protrusions (Figure lOB, merged signaIs in panel a). In panel b in 

Figure lOB, even a yellow co-Iocalization signal could be seen in certain parts of the cell. 

Overall, these confocal microscopy images indicate a close relationship between the 

cellular distributions of NHE6HA and MLCKgfp especially in plasma membrane 

protrusions. 

The interaction between the two proteins was further tested by the use of the 

MLCK specific inhibitor ML-7 prior to fixing and labelling cells for microscopy or lysing 

cells for immunoprecipitations. The results from these experiments are shown if Figure 

Il. We expected to see a different distribution of MLCKgfp, and consequently NHE6HA 
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Figure 10: Subcellular localizations of NHE6HA and MLCKgfp visualized by 

immunofluorescence microscopy 

A) NHE6HA stably expressing HEK 293 cells were transiently transfected with MLCKgfp. 

The fixed and permeabilized cells were labeled with a monoclonal anti-HA (1:2,000) 

primary antibody, followed by an Alexa Fluor 568 (red) - conjugated anti-mouse 

(1:2,000) secondary antibody. Four representative images of different cells are 

shown. The scale bar represents 10 /lm. 

B) Selected parts from the images in panels B (image series a and b) and C (image series 

c) from Figure 10 A) were magnified for a better representation of regions where the 

signaIs for NHE6HA (red) and MLCKgfp (green) co-Iocalize or follow similar patterns. 

The sc ale bars represent 2 /lm for image series a and band 5 /lm for image series c. 
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Figure 11: Effect of the MLCK-specific inhibitor ML-7 on the interaction between 

MLCKgfp and NHE6HA 

A) NHE6HA stably expressing HEK 293 cells were transiently transfected with MLCKgfp. 

Twenty four (24) hours post-transfections, the cells were treated for 30 min with 30 

flM of ML-7 (second series of images) or just DMSO (top series of images). The 

fixed and permeabilized cells were labeled with a monoclonal anti-HA (l :2,000) 

primary antibody, followed by an Alexa Fluor 568 (red) - conjugated anti-mouse 

(l :2,000) secondary antibody. For each condition, three representative 6 flm thick 

slices from a z-stack are shown. The images are presented starting with the closest 

image to the coverslip interface and going up through the cell. For the cells not 

treated with drug, slice 1 is 1 st of 9, slice 2 is 3rd of 9 and slice 3 is 5th of 9. For the 

cells treated with ML-&, slice 1 is 1 st of 6, slice 2 is 3rd of 6 and slice 3 is 5th of 6. 

The sc ale bar represents 10 flm. 

B) NHE6HA and MLCKgfp were transiently co-transfected in HEK 293 cells. Twenty 

four (24) hours post-transfection, the cells were treated for 30 min with DMSO 

vehicle (lane 1) or with 30 flM of ML-7 (lanes 2 and 3). Two lü-cm dishes of 

confluent cells, per sarnple, were lysed and used for immunoprecipitation with a 

polyclonal anti-HA antibody (lanes 1 and 3), or non-specifie IgG (lane 2) as a 

negative control. The protein sarnples were subjected to SDS-PAGE and transferred 

to PVDF membranes. The signal was visualized by Western blotting using a 

monoclonal anti-MLCK (l :5,000). Whole cell lysates show equal amounts of 

transfected MLCKgfp in each sample. 
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due to an impediment of myosin/actin - dependent cellular events, such as cytokinesis 

and vesic1e trafficking. We were surprised to see that many cells seemed unaffected by 

the drug, as they were displaying normal cellular distributions of the two proteins. 

Nonetheless, we estimated that about 80% of the drug-treated cells had altered MLCKgfp 

and NHE6HA distributions, versus only about 10% of the untreated celIs, by visually 

comparing eight randomly taken images for each condition (containing 10 to 20 celIs 

each). Representative images for drug treated and untreated celIs are shown in Figure 

lIA. The image selected to represent normal celI morphology is most likely a dividing 

celI, as it reveals intense MLCKgfp signal between the two cells. This would not be 

surprising, since the additional actin-binding motifs in the N-terminus of the 2l0-kDa 

MLCK likely confer stronger affinity to actin (105), which possibly leads to its targeting 

it to the c1eavage furrow during mitosis (65,157). This is another piece of evidence 

supporting the idea of cell-cycle regulation of the 21O-kDa MLCK. Even thought the cell 

is most likely dividing, the distribution of NHE6HA-containing vesicles is extensively 

spread throughout the cell. Conversely, in the cells affected by the drug, the distribution 

of NHE6HA is dramatically altered, as it looks mostly confined to the perinuclear 

endocytic recycling compartment, while MLCKgfp signal is mostly localized at the cell 

periphery. Similar distribution was also observed in sorne cells not treated with ML-7 

like previously shown in Figure lOA panel B. This intriguing observation draws a link 

between the activity of MLCK and the trafficking of NHE6HA-containing vesicles, which 

is supported by preliminary immunoprecipitation data showing a Joss of NHE6HA­

MLCKgfp interaction upon ML-7 treatment (Figure lIB). 

Taken together, these results show a connection between the trafficking of 

NHE6HA-containing vesicles and the activity of the non-muscle 21O-kDa MLCK. 

Presumably, by regulating myosin II activity, MLCK controls the movement of NHE6-

containing endosomes on actin filaments via a direct or indirect binding with NHE6. 

Considering that silencing of MLCK has been shown to block Tfn internalization (152) 

and that myosin VI is essential for clathrin-mediated endocytosis (40), it is entirely 

possible that MLCK also plays an important role in the endocytosis of NHE6. 
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SUMMARY AND FUTURE DIRECTIONS 

In summary, we succeeded in developing and performing a tandem affinity 

purification method for the isolation of the integral membrane Na+/H+ exchanger isoform 

6 and its associated protein complexes. A total of 30 NHE6-interacting proteins were 

identified by this method, four of which were studied further by co-immunoprecipitation 

from lysates of transfected cells, co-Iocalization in intact transfected cells by confocal 

fluorescence microscopy and in vitro GST -fusion protein pull-down assays. Among these 

proteins, the ATP synthase, complex FI, subunit alpha and the myosin light chain kinase 

showed a positive interaction with NHE6, while ubiquitin and calmodulin showed no 

association wh en tested with two or more of the above methods. In addition, the same 

methods were used to assess the interaction between NHE6 and four of its putative 

interacting partners identified through a yeast two-hybrid screening of a brain cDNA 

library. Among these four, only apolipoprotein D exhibited weak and possibly non­

specific binding to NHE6, while the data from the remaining three is still preliminary. 

The alpha subunit of the mitochondrial ATP synthase showed convincing 

biochemical interaction with NHE6HA both in in vitro and in vivo binding assays, but 

these proteins exhibited little or no overlap when visualized by immunofluorescence 

microscopy. Our data indicate that the ATP5a binds within the first half of the NHE6 

regulatory tail in the region spanning amino acids 499 to 600, and that it possibly acts 

independently of the A TP synthase complex. Other in vitro GST -fusion protein pull 

down assays are planned to determine the binding site more specifically. In addition, it 

would be useful to know if ATP5a binds directly to NHE6C tail or via an intermediate. 

This could be tested by GST -fusion pull-downs with in vitro translated A TP5a. 

Moreover, it would be useful to determine if NHE6 interacts with the shorter ATP5a 

transcript variant or with the small portions of A TP5a that was present in the membrane 

fractions. Currently, myc-tagged ATP5a constructs of both the long and short variants 

are being made for use in fractionation through gravit y centrifugation and co-Iocalization 

by confocal microscopy experiments in transiently transfected cells. Despite the 

compelling evidence for biochemical interaction between NHE6 and A TP5a, additional 
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experimental evidence is needed to pro vide a plausible physiological explanation for this 

interaction. 

In addition to A TP5a, we observed an interaction between NHE6HA and both 

endogenous MLCK or transfected GFP-tagged MLCK. This interaction was disrupted by 

the specific MLCK inhibitor ML-7. It is therefore possible that NHE6 participates in the 

regulation of vesicle trafficking along actin filaments via a direct or indirect interaction 

with MLCK and its associated proteins. This protein complex, most likely includes 'actin, 

myosin light and heavy chains and calmodulin, which were aIl found in one form or 

another in the M2P/T AP experiments. Although myosin heavy and light chains were 

present as a non-specific binding proteins in the control purification experiments, given 

the presence of MLCK and actin, it is likely that myosin is a true NHE6-interacting 

protein. This could be verified by doing immunoprecipitation experiments with an 

endogenous anti-myosin antibody. It would be also interesting to verify if inactivation of 

MLCK via calmodulin inactivation would have similar effect on NHE6 distribution as the 

specific MLCK inhibitor ML-7. This could be do ne by performing the co­

immunoprecipitation experiment in the presence of the Ca2
+ chelator EGTA, which 

prevents calmodulin activation. Another useful experiment would be to label fixed ceIls 

with endogenous antibodies against tubulin, actin and NHE6 to see if and in what parts of 

the ceIl NHE6-containing vesicles are associated with each of these cytoskeletal proteins. 

It wouldn't be surprising to find NHE6 on microtubules, since P-tubulin and kinesin were 

found in the final e1uates of the TAPIM2P experiments. 

FinaIly, considering that the TAP and the tradition al Y2H method did not result in 

the identification of the same NHE6-interacting proteins, it would be useful to try a 

different approach to search for NHE6-associated proteins, which might have been 

missed by these two methods. One such method is the dual membrane yeast two-hybrid 

system, which allows to screen full-Iength integral membrane proteins and membrane 

associated proteins in a more natural environment than the conventional Y2H. In 

addition, it makes possible the indentifiaction of transient or weak protein interactions, 

which is an advantage over the TAP. 
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Primers used for making DNA constructs 

Oligo No. Sequence Description 
JO-1290 -CCG CGT GGA TCC AAC ACT GAA CCG GCC ACA NHE6/ N608 S (SarnHI) 

JO-1294 -GTC ACG ATG AAT TCG GCT GGA CCA TGT CTC NHE6 / A669 AS (EceRI) 

JO-1294 -GTC ACG ATG AAT TCG GCT GGA CCA TGT CTC NHE6/ A669 AS (EceRI) 

JO-1340 -CTC GAG AAT TCA TGG CTC GGC GCG GCT GG NHE6/ SM1 (EceRI) 

JO-1341 -GTC GAC TCT AGA GGA TGC ATA GTC CGG GAC NHE6 / AS-S679 (Xbal) 

JO-1364 -CCG CGT GGA TCC GCA ATG CTG TCA TGC TTG NHE6/ A499-GST-S 

JO-1367 -ATG GCG GTC TCC ACA GGA G USE2V2/5' 

JO-1368 -TCC ACT AAA ATT AAT TGT TGT ATG USE2V2/3' 

JO-1371 -ATG GCT GAA GAA CAA CCG CAG CLlC1 /5' 

JO-1372 -GGC TTA TTT GAG GGC CTT TGC CLlC1/3' 

JO-1379 -CCG CCG ATC CGC TAC TCA TCA CAC GCT G PTGDS / 5' (SamHI) 

JO-1380 -CCC GGA ATT CCT ATT GTT CCG TCA TGC ACT TAT CG PTGDS / 3' (EceRI) 

JO-1384 -CCG CGG ATC CGC TGA AGA ACA ACC GCA G CLlC1 1 5' (SarnHI) 

JO-1385 -ccc CCG CTC GAG TTA TTT GAG GGC CTT TGC CAC CLlC1 13' (Xhel) 

JO-1386 -CCG CGG ATC CGC GGT CTC CAC AGG AG USE2V2/ 5' (SamHI) 

JO-1387 -CCC GGA ATT CTT AAT TGT TGT ATG TTT GTC C UVE2V2 / 3' (EceRI) 

JO-1394 -CCC GGA ATT CGT GAT GCT GCT GCT GCT GCT TTC C APaD 1 5' (EceRI) 

JO-1395 -CCC AAG CTT TTA CGA GAG CTT GGG GCA G APaD 1 3' (Hindlll) 

JO-1424 -CCC GGA ATT CCT ACC AGC AGG CAG GGA GTG TTG NHE61 C GST / EceRI (554)3' 

JO-1425 -CCC GGA ATT CCT AGA TGT CAC CAT CAT TGA G NHE6/ C GST / EceRI (598)3' 

JO-1426 -CCC GGA ATT CCT ATT CAG GAA CAC CCA AGT GTT C NHE6/ C GST / EceRI (520) 3' 

JO-1427 -CCC GGA ATT CCT ACA TAA ATC TCC TTG GGG C NHE6 / C GST / EceRI (621 )3' 
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~ 
...... )',;":': 1 . ,: " Il QueTyctmuîs .. j GO' • 1 GOmolecular GOcclllllar 

Pr&teirr~;$~itll'~l~:....::. 'd· - 8ffi':' , .. ,bIoJogJça., functionfrom compOne"! luteT.ProSea" 
IdéntltléT(.l ldènûn~! PI"'. o!em Descpption ., ,.: ",' '. :', J'eptl1te\;:. ~,';,. 'Shal'e: ,lotal proccss €rom <?<M (;{)A and from GOA Predictions 

~ ".~" ','1" :) < :, " ,:" _~)i ";I;2:~: :; . • ,', _ 'll1que 'If .. S andlnterProScan InterProSCull :=I=n=te=ra=;=~=!s='c=a=n~l========: 
AKGPVTIPYPLFQSHVEDLYVEGLPEGlPFR from .Iob(s) 241906 
ANELPQPPVPEPANAGK fromjob(s) 241906, 240412 
ANELPQPPVPEPANAGKR fromjob(s) 249008,249007,249006 

general transcription factor DQSA VVVQGLPEGVAFK from job(s) 241906 
Il, i isoform 4 [Homo FEAHPNDL YVEGLPENIPFR from job(s) 241906, 241905, 241039 

nrdbl14670 sapiens] FTVIRPFPGL VINNQL VDQSESEGPVIQESAEPSQLEVPATEEIK 
356 General u'anscription factor fromjob(s) 240412 
nrdb147122 54635 II, i, isoform 4 [Homo GPVTIPYPLFQSHVEDLYVEGLPEGlPFR fromjob(s) 241906. 

o 603 22420 sapiens] 241905,241039 36 0 :16 PR0041111R) 
nrdbl14670 54634 generallranscription factor ITINPGCVVVDGMPPGVSFK fromjob(s) 241039 -. GTF2I-like repeat 
354 54633 II, i isoform 3 [Homo KINSSPNVNTTASGVEDLNIIQVTIPDDDNER fromjob(s) 240412 
nrdbl14670 sapiens] SILSPGGSCGPIKVK fromjob(s) 249007 
352 gener.1 transcription factor TPTQTNGSNVPFKPR fromjob(s) 249007, 249006 

Il, i isoform2 [Homo VMVTDADRSILSPGGSCGPIK from job(s) 249006 
sapiens] VPElEVTVEGPNNNNPQTSA VR fromjob(s) 241905. 241039, 240412 

VPFALFESFPEDFYVEGLPEGVPFR from job 241906, 241905. 240412 
VPYPVFESNPEFLYVEGLPEGIPFR from job(s) 241906, 241905. 
241039,240412 

AGVLAHLEEER tromjob(s) 241906 
ALEEETKNHEAQIQDMR fromjob(s) 249007 GO-0000166 IPR0000481DlIQ 
ALELDPNLYR from job(s) 241906.240412 i t' 1 calmnd"lin-

Myosin-IO (Myosin he.vy AVIYNPATQADWTAK frornjob(s) 241906 ~~cd~o '~~EA# binding region 
chain, nonmuscle IIb) DAASLESQLQDTQELLQEETR from job(g) 241906, 240412 ;~I~.~~)ï~7;4 IPROoi609 CD) 
(Nonmusclemyosin hcavy ELEAELEDER fromjob(s) 241906 ';:ot~r a~tivit, Myosin bead 
chain IIb).(NMMHC II-b) ELQAQlAELQEDFESEK fromjob(s) 240412 { , #IEA# ~ (motoT domain) 

nrdbll3466 (NMMHCAIB) (Cellular HAEQERDE~ADEITNSASGKfrom .I0b(s) 249007, 241906, 24041~ GO:0008360 GO:OOOJ779 GO:0016459 IPROO~017 IR) 
1 40 7;738 myoslO heavy cham, type B) HATALEELSEQLEQAK from job(s) 241906, 240412 31 5 36 regulation of ecU actin binding mvosin SpectTl~ Tepeat 

dbl41406 1-2413 (NonrnusclemyoslO heavy HATALEELSEQLEQAKR frorn.lob(s) 241906 h #IEA# #NAS# #NAS# IPR002928 (0) 
nr chain-B) (NMMHC-B) IGQLEEQLEQEAK fromjob(s) 240412 sape, l _< - Mw,in tail 
064 " KLDGETTDLQDQIAELQAQIDELK fromjob 241906. 241905. 240412 ~~~~~0~i,~6 PROO~345 (R) M 

myoslO, heavy polypeptIde KQELEEILHDLESR from job(s) 240412 l' d' #1EA# protelll repeat 
10, non-muscle [Homo LQNELDNVSTLLEEAEKK from job(s) 241906 2~.~~~ -;'4 IJ>R004009 (0) 
sapiens] LQQELDDLTVDLDHQR from job(s) 249007, 241906 A TP b- -;- Myosin N-

QLLQANPILESFGNAK fromjob(s) 249007, 241906, 240412 #N,\S~n mg terminal SH3-like 
SLEAEILQLQEELASSER fromjobts) 241906, 241905, 241039 ' , " domain 
TQLEELEDELQATEDAK frornjob(s) 241906, 240412 

AANIYPLSLLLNLGR frornjob(s) 241905. 241039 GO:0006811 ion GO-001-'97 
ELAFGDHEL VIR fromjob(s) 249008.241907,241905,241040,241039 transport #lEA# c'~-

solute caIrier family 9 L VLPMDDSEPPLNLLDNTR from job(s) 249008, 241907. 241905. (;{).:OOO?814 ::t:!'i~;t;;EA# ~;O:OO 16021 
2 nrdbl57162 1907230 (sodmmVbydrogen 241040,241039 31 0 31 sodIUm IOn GO'001<299 mtegral to 

568 - exchanger), isoform6 MDEElVSEK fromjob(s) 249008 transport#lEA# 1'( h' 1 membrane 
[Homo sapiens] RFMGNSSEDALDR fromjobts) 249008 GO:OO?6885 :~~ :r1.~rogen #IEA# 

VGVDSDQEHLGVPENER fromjob(s) 249008. 241907, 241040 regulatron ofpH r \ -#IEA# 
VGVDSDQEHLGVPENERR fromjob(s) 249008 #IEA# ac IV' y , 
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AGFAGDDAPR fromjob(s) 249008. 249007 
A VFPSIVGRPR from job(s) 249007 

GO:0003774 
nrdbl62897 DLY ANTVLSGGTTMYPGlADR fromjob(s) 241039 motor acth'ity 
409 beta actin variant [Homo DSYVGDEAQSKR fromjob(s) 249008 

#IEA# 
nrdhl15277 2763797 

sapiens] EITALAPSTMK fromjob(s) 249008 GO:0005200 
503 

59780 
ACTB protein [Homo HQGVMVGMGQK from job(s) 249008,249007 

structural GO:0005884 IPR004000 (F) 

3 
nrdbl62897 2763903 

sapiens] HQGVMVGMGQKDSYVGDEAQSK fromjob( s) 24'}007 
7 22 29 constituent of actin filament 

Artin/actin-like 
671 140656 

Unknown (pl'Otein for IWHHTFYNELR fromjob(s) 241906,240412 
cyt.oskeleton I!JEA# 

PR004001 IF) 
nrdbl16924 82251 

IMAGE:3538275) [Homo LCYV ALDFEQEMATAASSSSLEK fmmjob(s) 241039 
#JEAII 

Actin 
319 sapiens] MQKETT ALAPSTMK from job(s) 249007 

GO:0005515 
nrdbl142S0 actin, beta [Homo sapiens] SYELPDGQVITIGNER fl'Omjob(s) 249008,249007. 241907. 241906, 

protein binding 
401 241905.241040,241039 

VAPEEHPVLLTEAPLNPK from job(s) 249008. 24.9006, 241907, #1EA# 

241906,241040,241039 

nrdhl62896 rnyosin regulatory light 
ATSNVFAMFDQSQIQEFK fromjob(s) 240412 

697 chain MRCU variant 
nrdbl16741 

2763485 
[Homo sapiens] 

FTDEEVDELYR fi'omjob(s) 241906,241905,241039.240412 DDDD@~;~ D~OO'~",D) 4 120568 GNFNYlEi'TR fromjob(s) 249008. 249007. 240412 U 0 U œ~m~ Calcium·binding 
04:1 

88823 
MRCU [Homo sapiens] 

LNGTDPEDVlR from job(s) 241906 binding #IEA# EF-hand 
nrdbl21728 myosin regnlatory light 

NAFACFDEEATGTIQEDYLR fromjobls) 241906. 240412 
376 chain-like [Mus musculus] 

AILVDLEPGTMDSVR Iromjob(sl 249008, 249006, 241905 
IJ'R000217 !F) 

ALTVPELTQQVFDAK fromjobts) 249008, 241907, 241040 
Tubalin family 

ElVHlQAGQCGNQIGAK fi'omjob(s) 249008.241905,241040.241039 
IJ'R002453 (F) 
Beta tubulin 

Tubulin. beta polypeptide 
GHYTEGAELVDSVLDVVR fromjob(s) 241905, 241039 

IPROOJ008 (Dl 
5 nrdbl18088 67493 IMNTFSVVPSPK Iromjob(s) 241040 9 12 21 

719 
[Homo sapiens] 

ISVYYNEATGGK fromjob(s) 249008, 241907, 241039 
Tubulin/FtsZ. 
GTPase 

LTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADLR from 241039 
IPR008280 (D) 

MRElVHIQAGQCGNQIGAK fromjob(s) 249007 
SGPFGQIFRPDNFVFGQSGAGNNWAK from job(s) 241905. 241039 

TubulinfFtsZ, C-
terminal 

GO:OOOOI66 
nudeolide IPR000217 (FI 

nrdbl13436 
Tubulin alpha 6 [Homo binding #IEA# 

Tubulin family 
sapiens] GO:0003924 

317 82928 alpha-tubulin 
A VFVDLEPTVlDEVR from job(s) 249008. 249007, 249006, 241907, 

GTPase 3ctivity 
IPR00300S (0) 

nrdbl34002 241905,241040 Tubulin/FtsZ, 
1 

36248 alpha -tubutin [Homo 
IHFPLATYAPVISAEK fromjob(s) 249007, 241905, 24103'} GO:0007018 #IRA# GO:0005874 

GTPase 
6 

nrdbl37492 
31425 sapiens] QLFHPEQLlTGKEDAANNYAR fromjobls) 249007 

18 0 18 microtubule-based GO:0005198 microtuhule 
IPR008280 (D) 

111316 K-ALPHA- 1 protein [Homo movement #IEA# structural #IEA# 
nrrlbl18204 2763875 sapiens] 

TIGGGDDSFNTFFSETGAGK fromjobls) 241907. 241040. 241039 
molecule activity Tubulin/FtsZ, C-

869 VGINYQPPTVVPGGDLAK fromjob(s) 241907. 241039 terminal 
nrdbl62897 

tubulin alpha 6 variant #IEA# 
IPR002452 (F) 

[Homo sapiens] GO:0005525 
609 

GTPbinding 
Alpha tubutin 

#IEAII 

AEAELCAEAEETR frornjob(s) 240412 GO;OOOOl66 IPR000048 (D) IQ 
AQAELEN VSGALNEAESK from job(sl 240412 nucleotide calmodulill~ 

AQVTELEDELTAAEDAK fromjob(s) 241906, 240412 . 
GO:0008360 

binding #lL\# binding region 

7 
nl'dbl3J438 185807 

myosin heavy chain [Homo DLGEELEALRGELEDTLDSTNAQQELR from job(s) 240412 
3 13 13,75 regulation of cell 

GO:0003774 GO:0016459 IPR001609 (D) 
760 sapiens] EAQAALAEAQEDLESER fromjob(s) 241906 

shape#IEA# 
motor aLiivity myosin#fEA# Myosin head 

ELSSTEAQLHDAQELLQEETR fromjob(s) 241906 #lEAI! (motor domain) 
HEVPPHVY A VTEGA YR fl'Om job(s) 240412 GO:0003779 IPR002928 (0) 

LAQAEEQLEQETR fromjob(s) 241906 actin binding Myosin tail 
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Protein name 1 18-août-05 T 02-sept-05 08-nov-05 1 No. peptides 1 Function 
1 1 2 3 1 1 2 3 1 1 2 1 3 1 Total Distinctl 

':""",:.J:',>:<~.,",. ", " " Integral t()membr,ane (organelles non-specified) 
NHE6 3 3 3 3 6 18 6 Na/H antiporter activity 
ATPase. Ca++ transporting, cardiac muscle, slow twitch 2 1 1 2 4 2 calcium/proton transport, sarcoplasmic reticulum 

cytoskeleton-associated protein 4 (CKAP4) 1 1 1 3 3 
VAMP (vesicle-associated membrane protein)-associated 1 1 2 2 protein complexassembly, exocytosis, protein 

protein A traffickinQ 
ATPase, Ca++ transporting, plasma membrane 4 1 1 2 2 calcium ion transport, metabolism 

phosphatidylserine synthase 2 1 1 phospholipid biosynthesis 
brain-selective and ciosely mapped on the counter allele of 1 1 biosythesis 

CMAP in cystatin cluster 
transmembrane protein 41 B (KIAAOO33) 1 1 phosophoenolpyruvate-dependent sugar 

phosphotransferase system 
microsomal glutathione S-transferase 1 (MGST1) 1 1 microsome, GST activity 

monocarboxylate transporter 1 (M CT1) 1 1 organic ion transport 
Acy/-CoA synthetase 1 1 lipid metabolism 
basigin, EMMPRIN, CD147 1 1 cell surface receptor linked to signal transduction 

neutral amino acid transporter 1 1 dicarboxyiic acid transport 

RAP1 B, member of RAS oncogene family 1 1 protein transport, cell cycle regulation, signal 

transduction, immunoalobuin familv 

Endoplasmic Reticulum 
BiP protein 1 3 1 1 1 1 8 6 chaperone, lumen 
ribophorin 1/ precursor (RPN2) 3 3 6 4 N-linked glycosy/ation via asparagine 
aldehyde dehydrogenase 3A2 2 2 1 1 6 4 membrane, lipid metabolism 
ribophorin 1 2 2 4 2 membrane, protein amino acid glycosy/ation 
signal sequence receptor, delta (translocon-associated protein 2 1 3 3 membrane, intracellular protein transport, Ca 

delta) bindinq 
calnexin 1 1 1 3 2 lumen, chaperone 

translocating chain-associating membrane protein 1 1 2 1 translocation of secretory proteins 
(TRAM1) 
delta7-sterol reductase (D7SR)j 7-dehyrocholesterol 1 1 membrane, cholesterol biosynthesis 

reductase (DHCR?) 
oligosaccharyltransferase 1 1 membrane, N-linked glycosylation via asparagine 

zinc metalloproteinase STE24 homolog 1 1 membrane ER, Go/gi, proteolysis and peptidolysis 

SURF-4 isoform, surfeit 4 1 1 membrane, unknown function 

99 



Protein name 1 1B-août-OS 1 02-sept-OS 1 OB-nov-OS 1 No. peptides 1 
Function 

1 1 2 3 1 1 2 3 1 1 2 3 1 Total Distinct 1 
'c> ':>c Mitochondria 

voltage-dependent anion channel 2 (porin) 1 4 5 4 outer membrane, anion transport 
ATP synthase, H+ transporting, mitochondrial F1 1 1 2 2 inner membrane 
comDlex a subunit CATP5AH 
tricarboxylate carrier protein 1 1 2 1 tricarboxylate/iron carrier 
translocase 01 outer mitochondrial membrane 70 homolog A 1 1 2 1 Integral to membrane, protein binding 

leucine-rich PPR motil-containing protein 1 1 protein/RNAIDNA binding 
8-cell receptor associated protein 1 1 inner membrane, regulation 01 transcription 
prohibitin 1 1 inner membrane, DNA replication, regulation 01 cell 
chaperonin (HSP60) 1 1 matrix, protein lolding 
transmembrane protein, motor protein, mitolilin 1 1 inner membrane, unknown lunction 
heat shock 70kD protein 98 1 1 protein !olding 
peripheral benzodiazepine receptor 1 1 outer membrane, signal transduction, protein-

mitochondrial taroetino, also at plasma membrane 

',' ' " 
Nucleùs 

heat shock 70kDa protein 1A 3 2 2 2 9 5 protein lolding 
ubiquitin 1 1 1 3 1 protein modilication, cell cycle 
HNRPH1 1 1 1 3 2 RNA binding 
thyrnopoietin isoform i3 2 1 3 3 lamino-associated polypeptide 2 / emerin 
leuclne-rich PPR motif-containing protein 1 1 protein/RNAIDNA binding 
8-cell receptor associated protein 1 1 inner membrane, regulation of transcription 
8CL2-associated transcription factor 1 1 1 regulation of transcription 
lamin 8 receptor 1 1 Integral to nuclear membrane, DNA binding 

, i" s;;C,:,tt;(' '}t J<;,:' ",,',:' " "i;': ,'" t ".",,"';' """,':, ",,'Cytosk;eleton 
'. • 

actin-(3 1 4 2 3 1 2 1 6 6 26 11 
(3-tubulin 5 3 4 2 1 1 4 20 9 
a-tubulin 3 2 2 2 1 4 1 15 5 
tropomodulin 3 1 1 actin capping protein complex 

, Cytosol 
heat shock 70kDa protein 1A 3 2 2 2 9 5 protein folding 
skeletal myosin light chain kinase (MLCK) 2 1 1 1 5 2 serine/threonine protein kinase 
protein phosphatase 181 43 kDa isoform 1 2 1 4 3 protein amino acid dephosphorylation 
calmodulin 2 1 1 4 3 Ca2+ binding, cell cycle 
B-ind1 protein 1 1 1 3 1 small GTPase mediated signal transduction 
ubiquitin 1 1 1 3 1 protein modification, cell cycle 
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Protein name 1 18-août-05 02-sept-05 08-nov-05 1 No. peptides 1 
1 2 3 1 2 3 1 2 

Cytosol (continued) 00 

chain A, crystal structure 01 human carbonyl reductase 1 1 2 
Cbr1) in complex with hvdroxv-Pp 

small GTP binding protein Rab7 1 1 
ancient ubiquitous protein 1 (AU P1 ) 1 
RAB2B 1 
RAB1B 1 
kinesin-related protein 1 

ribosomal protein S3 1 2 
ribosomal protein S18 1 
ribosomal protein L 11 1 1 
PREDICTED: similar ta 40S ribosomal protein S17 1 
similar ta ribosomal protein L23 (RPL23) 1 1 
similar to ribosomal protein 514 
ribosomal protein L 13 (RPL 13) 1 
PREDICTED: similar to ribosomal protein S27 

Unknown function and/or location 
CHCHD2 protein 
DNA dependent protein kinase catalytic subunit 
STMF151 
KIAAOO90 

transmembrane protein, uncharacterized hypothalamus 
protein HTMP 
hypothetical protein LOC55379 
MBC3205 
UNQ501 protein 
KIAA0887 protein 
PREDICTED: similar to Enhancer of rudimentary homolog 

Total number of proteins (aIlTAP and M2P combined) 

Total number of proteins (aIlTAP combined) 

2 
2 

1 
1 

1 

1 

1 

Total number of proteins in each TAP run 20 

Number of common proteins between TAP runs (18 Aug. AND 2 Sept.) 

Number of common proteins between T AP runs (18 Aug. OR 2 Sept. AND 8 Nov.) 

Number of common proteins between ALL TAP runs (18 Aug. AND 2 Sept. AND 8 Nov.) 

1 = control experiment of single alfinity purification 
2 = single affinity purification 
3 = tandem affinity purification 

2 1 

1 
1 
1 

1 

1 

1 
1 
1 

20 

101 

3 1 Total Distinctl 

1 
2 

1 

1 

1 

1 

18 

3 

2 
1 
1 
1 
1 

4 
3 
2 
2 
2 
1 
1 
1 

5 
4 
2 
2 
2 

1 
1 
1 
1 
2 

77 

29 

15 

14 

9 

3 

1 

2 
2 
1 
2 
1 

2 
3 
1 
1 
1 

1 
-----------

Function 

short-chain dehydrogenase-reducatase, metabolism 

Golgi, protein transport, endocytosis 
integrin signalling 
ER, Golgi, intracellular protein transport 
intracellular protein transport 
microtubule associated complex, microtubule-based 

movement 
protein synthesis 
protein synthesis 
protein synthesis 
protein synthesis 
protein synthesis 
protein synthesis 
protein synthesis 
protein synthesis 

DNA repair 
, 

! 

leucine-rich repeat , 

i 

1 

, 

regulation 01 cell cycle J 
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WB: 
anti­

ATP5a 

IP: IgG IP: HA 

pCMV NHE6 NHE1 NHE2 NHE3 NHE5 NHE6 NHE8 NHE9 kDa 

62 

47.5 

CHO Lysates 

Interaction between endogenous ATP5a and transfected UA-tagged NUEs in CUû 

ceUs 

HA-tagged NHEs were immunoprecipitated by adding a polyclonal anti-HA antibody to 

lysates from CHO transfected cells and incubating overnight. As a control, pCM':' and 

NHE6HA transfected lysates were incubated with a non-specifie IgG antibody. The 

endogenous a subunit of the mitoehondrial ATP synthase, which precipitated along with 

sorne HA-tagged NHEs was visualized by western blotting with a mouse monoclonal 

anti-ATP5a antibody (1 :6,000). 
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4 RESEARCH PERSONNEL' (attach additional sheets if preferred) 

Check appropriate classification 

Technician 

Narne Department & 
Student Fello1 

Investlgator Research 
Assistant 

t,Jndergraduate Graduate 

John Orlowski Physiology X , 
\ 

Annie Boucher Physiology X 

. 5. EMERGENCY: Person(s) designated to handle emergencies 

Narne: John Orlowski Phone No: work: 398-8335 home: 631-0871 

Name: Phone No: work: home: 

6. Briefly describe: 
i) the biohazardous material involved& designated biosafety risk group: 

Mammalian Cell Culture (Location: Rm. 1141) 

Mammalian celllines (including rodent and human celIs) will be maintained in this room. None of the celllines useCl 
contain infectiousagents that may pose a health hazard to humans. However, aIl investigators using this facility will 
follow the laboratory protocol for cell culture listed below. 

Bacterial CeII Culture (Location: Rm. 1114 and 1151) 

AIl bacteria used are E. coli. Strain derivatives that have been approved by CIHR for recombinant DNA procedures and do 
not pose any risk to human health. AlI investigators using bacteria will follow standard laboratory procedures for use of 
bacteria. 

ii) the procedures to be conducted: 

1. AlI investigators will wear disposable rubber gloves. 

2. The interior surfaces of the biological containment, laminar flow hood will be sprayed or swabbed with appropriate 
disinfectants, such as 70% ethanol, before and after use. 

3. AlI disposable materials, including rubber gloves, plastic tissue culture plates, flasks and pipets will be placed in 
biohazard bags and autoclaved as appropriate. 

4. Nondisposable materials (i.e. glassware) will be placed in plastic containers containing water saturated with Clora: 
bleach as a dis infectant. Materials will be washed and autoclaved for subsequent use. 

" 

5. Used cell culture media will be treated with Clorox bleach and then disposed. 



, 

• 

Hi) the prot0col for decontaminating spills: 

In the e'vent of a liquid media spiIl, the area surrounding the spill will be cordoned off immediately, the liquid will 
be removed by absorbent paper towels and placed in~ a biohazard bag for autoclaving, and the area will be swabbed 
thoroughly with Clorox bleach disinfectantor 70% ethanol. 

7.Does the protocol present conditions (e.g. handling of large volumes or high concentrations of pathogens) which could 
increase the hazards of the infectious agent (s)? 

NO 

8. Do procedures involving genetically engineered organisms have a history of safe use? 

YES 

9. What precautions are being taken to reduce production of infectious droplets and aerosols? 

The laboratory does not use infectious agents. However, aIl cell culture is performed in biological safety laminar flow 
hoods. Noxious substances are used in University approved biological fume hoods. 

10 L' h b' 1 . 1 f, b' Ist t e 10 oglca sa et y ca mets to b d e use. 

Building RoomNo. Manufacturer ModelNo. SeriaI No. Date Certified 

McIntyre Medical Science Bldg. 1141 Baker Company 1390-112 SP22885 June 14,2002 
.' 

.J 

r '. 


