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Abstract
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has multiple intracellular activities in
addition to its role in gluconeogenesis. Indeed, we have reported that GAPDH is required for
Rab2-mediated retrograde transport from vesicular tubular clusters (VTCs). These diverse
GAPDH activities are the result of post-translational modifications that confer a new function to
the enzyme. In that regard, GAPDH is tyrosine phosphorylated by Src. To establish the functional
significance of this modification for GAPDH activity in Rab2-dependent events, an amino acid
substitution was made at tyrosine 41 (GAPDH Y41F). The inability of Src to phosphorylate
purified recombinant GAPDH Y41F was confirmed in an in vitro kinase assay. The mutant was
then employed in a quantitative membrane-binding assay that measures Rab2 recruitment of
soluble components to VTCs. As we observed with GAPDH wild type, Rab2 promoted GAPDH
Y41F binding to membranes in a dose-dependent manner indicating that GAPDH tyrosine
phosphorylation is not required for VTC association. However, GAPDH was tyrosine
phosphorylated on VTCs. Importantly, GAPDH Y41F blocked VSV-G transport in an assay that
reconstitutes endoplasmic reticulum (ER) to Golgi trafficking indicating that phosphorylation of
tyrosine 41 is essential for GAPDH activity in the early secretory pathway. The block in transport
is due to the decreased binding of atypical protein kinase C iota/lambda (aPKCι/λ) to GAPDH
Y41F, which reduces β-COP association with the VTC and subsequent formation of Rab2-
mediated retrograde vesicles. Our results suggest that Src plays a pivotal role in regulating the
interaction of Rab2 effectors on the VTC.
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INTRODUCTION
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a well-characterized key enzyme
in glycolysis that catalyzes the NAD-mediated oxidative phosphorylation of
glyceraldehyde-3-phosphate to 1,3 diphosphoglycerate (1). The structure of GAPDH has
been elucidated and studies have identified two significant regions that include the NAD+

binding domain and the catalytic domain that binds substrate (1–4). It is well recognized that
GAPDH has multiple intracellular activities in addition to its role in gluconeogenesis
including participation in vesicular transport, membrane-membrane fusion, modulation of
the cytoskeleton, DNA repair and replication, apoptosis, and tRNA export (5–9). Since
GAPDH exists as a single copy gene, the diverse GAPDH activities are most likely the
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result of post-translational modifications that confer a new activity to GAPDH and therefore
gain of function.

Indeed, we have reported that GAPDH is phosphorylated by atypical protein kinase C iota/
lambda (aPKCι/λ) on vesicular tubular clusters (VTCs) (10). VTCs are pleiomorphic
structures that sort endoplasmic reticulum (ER) derived anterograde-directed cargo for
delivery to the Golgi complex from the trafficking machinery that recycles to the ER for
reutilization in ER export (11–13). The small GTPase Rab2 bound to VTCs stimulates the
recruitment of aPKCι/λ and GAPDH where both proteins interact directly with the Rab2
amino-terminus (14, 15). Rab2 mediates retrograde-vesicle formation from the VTC and this
event is dependent on aPKCι/λ kinase activity (16, 17).

Based on previous reports demonstrating that the nonreceptor tyrosine kinase Src binds
directly with aPKCι and that Src activity is required for retrograde transport in the early
secretory pathway, studies were initiated to determine whether Rab2 required Src function at
the VTC (18, 19). We found that Src-dependent tyrosine phosphorylation is essential for
aPKCι/λ association with Rab2 and GAPDH (20). Tyrosine phosphorylation has been
shown to control the assembly of multi-protein signaling complexes by recruiting proteins
containing phospho-specific binding domains (21). Interestingly, GAPDH has also been
reported to be tyrosine phosphorylated (22–25). A GAPDH peptide corresponding to
residues 31–41 was identified by tandem mass spectrometry to contain phosphotyrosine at
amino acid 41 (25). However, the functional role of this GAPDH modification has not been
investigated.

In this study, we sought to determine the functional significance of Src-dependent GAPDH
phosphorylation. To address this question, an amino acid substitution was made at tyrosine
41 in GAPDH (GAPDH Y41F), and then the purified recombinant mutant protein was
characterized in a battery of biochemical assays that assess activity in Rab2-facilitated
events. As we previously observed with GAPDH wild type, Rab2 promoted GAPDH Y41F
binding to membranes in a quantitative binding assay that measures Rab2-dependent
recruitment of soluble components. Although GAPDH tyrosine phosphorylation is not
required for VTC association, the modification is essential for GAPDH activity at the VTC
since the mutant protein effectively inhibited VSV-G transport between the ER and Golgi
complex in an in vitro trafficking assay indicating an important regulatory role for Src at the
VTC. Moreover, GAPDH tyrosine phosphorylation is necessary for GAPDH and aPKCι/λ
interaction and aPKCι/λ association with membranes. The drastic reduction of VTC
associated aPKCι/λ in the presence of GAPDH Y41F results in a concomitant lose of β-COP
membrane binding and production of retrograde-directed vesicles. These data confirm the
importance of post-translational processing of GAPDH in promoting compartment specific
protein-protein interactions and unique cellular activity.

RESULTS
Rab2-Recruited GAPDH is Tyrosine Phosphorylated after Binding to NRK Membranes

To be assured that purified recombinant GAPDH Y41F was not phosphorylated by Src, the
mutant protein was introduced into an in vitro kinase assay (20). As we anticipated,
recombinant GAPDH was efficiently tyrosine phosphorylated by Src and the
phosphorylation was inhibited by the Src-specific kinase inhibitor 4-amino-5-(4-
chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP2) whereas no 32P-radiolabel was
detected in GAPDH Y41F confirming that tyrosine 41 is modified by Src (Figure 1).

Since GAPDH is an Src substrate, a quantitative membrane binding assay was employed to
determine whether Rab2 recruited GAPDH required tyrosine phosphorylation for membrane
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association. Salt-washed normal rat kidney (NRK) cell membranes were incubated with
His6-GAPDH or His6-GAPDH Y41F, rat liver cytosol, and GTPγS in the absence or
presence of increasing concentrations of purified recombinant Rab2, and then the
membranes containing recruited proteins analyzed by SDS-PAGE and Western blot. As
previously observed, Rab2 stimulated GAPDH membrane binding (Figure 2A). The
membrane-associated His6-GAPDH is tyrosine phosphorylated as assessed by detection
with a monoclonal antibody specific to phosphotyrosine that co-aligned to the
chemiluminescent signal obtained with anti-His6 (Figure 2A). Likewise, Rab2 promoted
GAPDH Y41F membrane binding suggesting that GAPDH association with VTCs is not
dependent on tyrosine phosphorylation (Figure 2A). In further support of this interpretation,
the membrane binding assay was supplemented with PP2. As shown in Figure 2A, PP2
treatment had no effect on Rab2 recruitment of His6-GAPDH and the amount of tyrosine
phosphorylated His-GAPDH was negligible. It should be noted that PP2 does not interfere
with Src membrane binding (20).

We performed a time course by incubating NRK membranes with Rab2 and His6-GAPDH
for increasing times to determine when activated Src is detected on membranes by a
monoclonal antibody specific to phosphotyrosine 416 (26). The activated form of Src is
found on membranes after ~ 2 minutes of incubation and reached saturation after ~ 10
minutes of incubation (Figure 2B). Although, His6-GAPDH can also be detected on the
membranes after ~ 2 minutes of incubation, GAPDH tyrosine phosphorylation occurs at ~
4–5 minutes after incubation suggesting that the timing of this modification may play an
important regulatory role at the VTC (Figure 2B).

Src-Dependent GAPDH Phosphorylation is Required for ER to Golgi Transport
To study the effect of GAPDH Y41F on membrane trafficking in the early secretory
pathway, we introduced the recombinant protein into an in vitro transport assay (27). For
this assay, tissue culture cells are first infected with ts045 VSV-G, a virus that synthesizes a
protein with a thermoreversible defect resulting in ER retention at 39.5°C. The plasma
membrane of these cells is then perforated to release soluble content, but retain functional
ER and Golgi stacks. Incubation of the semi-intact cells at the permissive temperature of
32°C, initiates export of ts045 VSV-G from the ER and transport of VSV-G protein is
measured by following the processing of the two N-linked oligosaccharides to endo H-
resistant forms (R2). VSV-G transport was not affected when the transport assay was
performed in the presence of His6-GAPDH (Figure 3). In contrast, His6-GAPDH Y41F
caused a dose dependent inhibition in VSV-G acquisition of endo H resistance (Figure 3A).
VSV-G transport was arrested ~ 67% in the presence of 200 ng GAPDH Y41F.

To define the morphological site of VSV-G accumulation in response to GAPDH Y41F,
NRK cells were infected with ts045 VSV-G for 2 h at the nonpermissive temperature. The
cells were then permeabilized and incubated in the absence or presence of recombinant
GAPDH or GAPDH Y41F for 40 min at 32°C, and the distribution of VSV-G was
determined by indirect immunofluorescence. Consistent with the biochemical data, cells
incubated with recombinant GAPDH efficiently transported VSV-G to the Golgi complex
whereas cells incubated with GAPDH Y41F accumulated VSV-G in large perinuclear
structures and vesicular elements scattered throughout the cytoplasm that co-distributed with
the some of the perinuclear structures and vesicles that labeled with anti-p53/p58 (Figure
3B). The morphology of the Golgi complex in cells treated with either wild type or mutant
recombinant protein was comparable to control cells as assessed by labeling with anti-
GM130 (Figure 3B). These combined biochemical and morphological results are highly
suggestive that GAPDH activity at the VTC is dependent on Src-tyrosine phosphorylation.
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Substitution of Tyrosine 41 in GAPDH Affects GAPDH-aPKCι/λ Interaction
Based on our previous studies that showed GAPDH bound directly to aPKCι/λ and Rab2, a
blot overlay assay was employed to determine whether GAPDH Y41F interaction with
aPKCι/λ and Rab2 was compromised (10, 15). His6-GAPDH and His6-GAPDH Y41F were
separated on SDS-PAGE, transferred to nitrocellulose, and then the blot incubated in
overlay buffer supplemented with purified recombinant Rab2 or aPKCι/λ. The bound
proteins were detected after incubation with antibodies specific to either Rab2 or aPKCι/λ
followed by a secondary HRP-conjugated antibody and development with ECL. Figure 4A
shows that GAPDH Y41F interacts with Rab2. This result was anticipated based on the
observation that Rab2 recruited to membrane GAPDH Y41F. However, the mutant protein
had negligible binding with aPKCι/λ suggesting that phosphotyrosine 41 in GAPDH is
necessary for GAPDH-aPKCι/λ association. To determine whether GAPHD-aPKCι/λ
interaction in vivo is compromised by the mutation, the detergent cell lysate from NRK cells
overexpressing His6-GAPDH wild type or His6-GAPDH Y41F was incubated with anti-
His6 antibody. We found that GAPDH and aPKCι/λ co-immunoprecipitated whereas
insignificant interaction was detected between His6-GAPDH Y41F-aPKCι/λ as assessed by
Western blot analysis of the immune complex (Figure 4B).

Since GAPDH cDNA transfected cells accumulate large GAPDH aggregates in the cytosol
within 12–24 h post-transfection (data not shown) (28), our alternative approach to
investigate the in vivo distribution of recombinant GAPDH-aPKCι/λ was to perform protein
transfection as described under "Materials and Methods" (10, 28). Both GAPDH and
GAPDH Y41F distributed to a perinuclear ring that extended into the cytoplasm and which
contained some large vesicular elements. Additionally, anti-Xpress labeled vesicles were
also observed scattered in the cytosol of cells transfected with either His6/Xpress-GAPDH
or His6/Xpress-GAPDH Y41F (Figure 4C). The anti-aPKCι/λ monoclonal antibody also
stained a perinuclear ring that appeared to overlap with anti-Xpress stained elements in cells
containing GAPDH or GAPDH Y41F. However, the aPKCι/λ labeled perinuclear collar was
not as prominent in cells that contained GAPDH Y41F compared to cells transfected with
GAPDH wild type. Moreover, aPKCι/λ labeled peripherally located vesicles were not
displayed in cells containing GAPDH Y41F suggesting that aPKCι/λ association with
peripheral structures/VTCs is affected by the mutant protein (Figure 4C).

These combined findings prompted us to investigate the effect of GAPDH Y41F on Rab2-
dependent aPKCι/λ recruitment to membranes. The membrane binding assay was performed
with increasing concentrations of His6-GAPDH or His6-GAPDH Y41F, and then the
amount of recruited aPKCι/λ determined as described under "Materials and Methods."
GAPDH Y41F caused a dose dependent inhibition in Rab2-stimulated aPKCι/λ embrane
binding (Figure 4D). In contrast, the amount of membrane associated activated Src was not
effected by the GAPDH mutant (Figure 4D). The inability of GAPDH Y41F to interact with
aPKCι/λ suggested that GAPDH would no longer be phosphorylated by the kinase. Indeed,
when the Western blot from the membrane binding assay employing GAPDH Y41F was
probed with an anti-phosphoSerine monoclonal antibody, a weak signal was observed for
membrane-associated phosphoSer-GAPDH Y41F (Figure 4D). As we found previously
when aPKCι/λ binding is reduced, there was a concomitant decrease in membrane-
associated β-COP (Figure 4D). This decrease in β-COP binding is also reflected in the
reduction (~ 64% decrease) of Rab2-generated vesicles produced in the presence of GAPDH
Y41F (Figure 4E). Moreover, NRK cells protein transfected with GAPDH Y41F displayed a
β-COP phenotype consistent with the biochemical results in which the β-COP-labeling of
perinuclear structures and peripheral elements is significantly reduced compared to cells
containing GAPDH wild type (Figure 4C). These collective results indicate that GAPDH-
aPKCι/λ interaction on the VTC is critical for the downstream recruitment of β-COP.
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DISCUSSION
Several in vitro and in vivo studies have reported that GAPDH is tyrosine phosphorylated.
Reiss et al. showed that GAPDH served as substrate for purified epidermal growth factor-
receptor kinase (23). It was also demonstrated by phosphoamino acid analysis that GAPDH
was tyrosine phosphorylated by tyrosine kinase related to lymphode cell kinase (29).
Likewise, Sergienko et al. found that rabbit muscle GAPDH contained phosphotyrosine
(24). NIH 3T3 cells overexpressing v-Src or c-Src modified GAPDH when analyzed by an
immune complex kinase assay (22). The amino-terminus of GAPDH contains three tyrosine
residues located with the first 50 amino acids that are potential targets for a tyrosine kinase.
Indeed, recent studies using mass spectrometry to identify immunoaffinity purified tyrosine
phosphorylated peptides from cancer cells reported that residue 41 in GAPDH was modified
(25). However, in all these studies the functional role of this modification in GAPDH
activity was not addressed.

Based on the observation that residue 41 in GAPDH was phosphorylated, we generated by
site-directed mutagenesis the corresponding mutant protein. Src-dependent phosphorylation
of GAPDH was abolished when GAPDH Y41F protein was employed in an in vitro kinase
assay. Elimination of the phosphorylated tyrosine residue in GAPDH had no effect on
recruitment and binding to membranes indicating that Src phosphorylates GAPDH on the
VTC. However, tyrosine phosphorylation of GAPDH is essential for GAPDH activity in the
early secretory pathway. We found that GAPDH Y41F was an effective trans-dominant
inhibitor of ER to Golgi traffic when introduced into an in vitro transport assay. Unlike the
results obtained by Bard et al., our observations indicate that Src activity is required for
VSV-G trafficking in the early secretory pathway (19). The discrepancy may be due to the
sensitivity of their assay that required subtraction of background fluorescence in the Golgi
region from the ER to quantify VSV-G transport into the Golgi. In that regard, GAPDH
Y41F treated cells displayed a significant amount of ts045 VSV-G that distributes to a
juxtanuclear position that co-labels with antibody to p53/p58. The results of the biochemical
assay indicated that VSV-G, which accumulated perinuclear in GAPDH Y41F treated cells
is blocked prior to entry into the cis/medial Golgi compartments. Since anterograde and
retrograde transport is coupled, it seems unlikely as reported by Bard et al., that KDEL
transport to the ER would be affected by Src whereas forward transport of VSV-G to the
Golgi was unaffected by Src deletion (19).

GAPDH interacts directly with the amino-terminus of Rab2 and with the regulatory domain
of aPKCι/λ (14, 15). We found that Rab2-GAPDH interaction is not affected by the
mutation. In contrast, GAPDH-aPKCι/λ interaction is significantly compromised when
tyrosine 41 is mutated. Moreover, membranes incubated with GAPDH Y41F showed a
drastic reduction in associated aPKCι/λ. We previously reported that PP2 addition to the
membrane binding assay significantly reduced aPKCι/λ recruitment to membranes whereas
Rab2, GAPDH, and Src membrane binding was not affected by the inhibitor (20). Therefore,
we proposed that Src-mediated tyrosine phosphorylation of aPKCι/λ was a key signal in
maintaining aPKCι/λ on the VTC. Based on these new studies, our results suggest that
GAPDH tyrosine phosphorylation is the critical determinant that assures GAPDH-aPKCι/λ
interaction and aPKCι/λ function on the VTC.

The post-translational modification of tyrosine phosphorylation has profound consequences
on a protein and coordinates the assembly of signaling complexes that control various
cellular activities including proliferation, differentiation, migration and apoptosis (21).
Tyrosine phosphorylated GAPDH may serve as an adaptor protein that stabilizes aPKCι/λ
binding to the Rab2 amino-terminus. This interpretation is consistent with our previous
finding that Rab2 requires an additional cytosolic component that acts in concert to cause
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aPKCι/λ translocation to the membrane (17). Src-phosphorylation of aPKCι/λ on the VTC
may then promote a conformational change that results in aPKCι/λ serine phosphorylation
of GAPDH. Indeed, we reported that Rab2 caused a dramatic reduction of aPKCι/λ
mediated GAPDH phosphorylation in an in vitro assay whereas GAPDH phosphorylation by
aPKCι/λ occurs on the VTC (10, 14).

We propose that the negative regulation imposed by Rab2 on aPKCι/λ is alleviated by Src-
dependent aPKCι/λ tyrosine phosphorylation. There are five Src-dependent phosphorylation
sites in aPKCι/λ (18). At present, we do not know which residue(s) in aPKCι/λ is modified
or is required for interaction with Rab2-GAPDH-Src on the VTC. Studies are in progress to
delineate the essential tyrosine residue(s) in aPKCι/λ, which will allow us to validate our
hypothesis (Figure 5).

MATERIALS AND METHODS
Quantitative Membrane-Binding Assay

NRK cells were washed three times with ice-cold PBS, scraped off the dish with a rubber
policeman into 10 mM Hepes (pH 7.2)/250 mM mannitol, and then broken with 10 passes
through a cell homogenizer using a 7.992 mm tungsten carbide ball (8 micron clearance)
(Isobiotech, Heidelberg, Germany). The broken cells were centrifuged at 500 × g for 10 min
at 4°C, and the supernatant removed and re-centrifuged at 35,000 × g for 30 min at 4°C in a
Sorvall Discovery M120 ultracentrifuge. The pellet was washed with 1 M KCl in 10 mM
Hepes (pH 7.2) for 15 min on ice to remove peripherally associated proteins, and then re-
centrifugation at 35,000 × g for 30 min at 4°C. The resultant pellet was resuspended in 10
mM Hepes (pH 7.2) and 250 mM mannitol and employed in the binding reaction, as
described previously (30). Membranes (~ 30 µg of total protein) were added to a reaction
mixture that contained 27.5 mM Hepes (pH 7.2), 2.75 mM MgOAc, 65 mM KOAc, 5 mM
EGTA, 1.8 mM CaCl2, 1 mM ATP, 5 mM creatine phosphate, and 0.2 IU rabbit muscle
creatine phosphokinase. His trap HP (GE Healthcare Bio-Sciences Corp., Piscataway, NJ)
purified recombinant His6-GAPDH or His6-GAPDH Y41F and recombinant Rab2 (16) was
added at the concentrations indicated under “Results” and the reaction mix incubated on ice
for 10 min. Rat liver cytosol (~ 50 µg total protein) and 2.0 µM GTPγS or GTP were then
added, and the reactions shifted to 32°C and incubated for 12 min. The binding reaction was
terminated by transferring the samples to ice, and then centrifuged at 35,000 × g for 20 min
at 4°C to obtain a pellet (P1). For some experiments, the supernatant was recentrifuged at
100,000 × g for 60 min to recover released vesicles (P2). P1 and P2 were separated by SDS-
PAGE and transferred to nitrocellulose in 25 mM Tris (pH 8.3), 192 mM glycine, and 20%
methanol. The membrane was blocked in Tris-buffered saline (TBS) that contained 5%
nonfat dry milk or 5% bovine serum albumin and 0.5% Tween-20, and then incubated with a
monoclonal antibody to Src (GD11) (Upstate, Lake Placid, NY), or activated Src (Tyr416)
(Cell Signaling Technology, Inc., Beverly, MA), or a monoclonal antibody to GAPDH
(Chemicon Intl., Temecula, CA), or a monoclonal antibody to aPKCι/λ (BD Biosciences,
San Diego, CA), or a monoclonal antibody to His-Tag (27E8) (Cell Signaling Technology,
Inc.), or a monoclonal antibody to phosphotyrosine (P-Tyr-100) (Cell Signaling Technology,
Inc.), or an affinity purified polyclonal antibody to β-COP (EAGE) (30), washed, further
incubated with a horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse
antibody, developed with enhanced chemiluminescence (ECL) (GE Healthcare), and then
quantified by densitometry.

Construction of GAPDH Mutant
The site-directed mutation was made in GAPDH by a two-step PCR procedure involving
two complementary mutagenic oligonucleotides in combination with flanking 5' and 3'
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primers. In the first reaction, overlapping 5' and 3' fragments were produced using pDual
GAPDH as the template (10). The 5' mutagenic oligonucleotide (5'-
GACCCCTTCATTGACCTCAACTTCATGGTTTACATG-3') and the 3' wild-type
antisense oligonucleotide that included a BamHI site (5'-
GGATCCTTACTCCTTGGAGGCCATGTGGGC-3') was used to produce the 3' portion of
the molecule. The 5' portion of the molecular was generated using a 5' oligonucleotide (5'-
CACCATGGGGAAGGTGAAGGTCGGAGTC-3') in combination with the 3'-mutagenic
oligonucleotide primer (5'-CATGTAAACCATGAAGTTGAGGTCAATGAAGGGGTC-3').
The two PCR products were combined to generate the full-length mutant in a second
reaction using the respective 5' sense and 3' antisense primers. Full length GAPDH Y41F
was subcloned into pET100/D-TOPO (His6/Xpress tag) (Invitrogen, Carlsbad, CA), and
then the sequence verified by automated DNA sequence analysis. The transient expression
and purification of GAPDH wild type and GAPDH Y41F were as previously described (20).

Overlay Binding Assay
His trap HP (GE Healthcare) purified recombinant His6-GAPDH (5 µg) and His6-GAPDH
Y41F (5 µg) was separated by SDS-PAGE and transferred to nitrocellulose. The blot was
incubated overnight at 4°C in 50 mM Hepes (pH 7.4), 50 mM MgOAc, 100 mM KOAc,
0.1% TX-100, 0.3% Tween 20, and 10 mg/ml bovine serum albumin to renature the
proteins. The blot was washed 2X with TBS, and then incubated overnight at 4°C in 50 mM
Tris (pH 7.4), 0.1% BSA, 200 mM NaCl, 20 µg/ml phosphatidylserine (Avanti Polar Lipids,
Inc., Alabaster, AL) and 10 µg/ml purified recombinant Rab2 or purified aPKCι (10, 31).
After incubation, the blot was washed with TBS, and then probed with an anti-Rab2
polyclonal antibody or an anti-aPKCι/λ monoclonal antibody (BD Biosciences), washed,
further incubated with an HRP-conjugated secondary antibody, and then developed with
ECL.

Immunoprecipitation
HeLa cells (1 × 106) infected with vaccinia T7 TNA polymerase recombinant virus
(vTF7-3)(32) were transfected with pET15B-GAPDH or pET15B-GAPDH Y41F as
previously described (33). 5 h post-transfection the cells were lysed in 50 mM TBS (pH 8.0)
and 1% Triton X-100 for 10 min on ice, and then clarified by centrifugation at 20,000 × g
for 10 min at 4°C. The soluble fraction was precleared with Protein G plus/Protein A
agarose (Novagen, Madison, WI) and subjected to immunoprecipitation for 4 h at RT
without or with an anti-His6 monoclonal antibody (Cell Signaling Technology, Inc.) and
Protein G plus/Protein A agarose. The immune complexes were collected by centrifugation
at 5,000 RPM for 5 min, washed 3X with TBS, 1% Triton X-100, and 100 mM NaCl, and
then boiled in sample buffer. The immunoprecipitates were separated by SDS-PAGE and
transferred to nitrocellulose. The blot was blocked in TBS that contained 5% BSA and 0.5%
Tween-20, and incubated with a monoclonal antibody to aPKCι/λ (BD Biosciences), or with
an anti-Xpress monoclonal antibody (Invitrogen), washed, further incubated with a
horseradish peroxidase (HRP)-conjugated anti-mouse antibody, and then developed with
ECL (Amersham).

Src Kinase Assay
Purified human Src (100 ng) (Upstate) was incubated with purified recombinant GAPDH or
GAPDH Y41F (0.5 µg) in 50 mM Tris ( pH 7.4), 10 mM MgCl2, 3 mM MnCl2, 50 µM ATP,
and 10 µCi [γ-32P]ATP (Perkin Elmer Life Sciences, Inc., Boston, MA) for 15 min at 30°C
in the absence or presence of 5 µM PP2 (EMB Biosciences Inc., San Diego, CA) (20). The
reaction was stopped by the addition of 5X sample buffer, and then separated by SDS-PAGE
followed by autoradiography.
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Analysis of Transport, in vitro
NRK cells were infected for 4 h with the temperature sensitive vesicular stomatitis virus
(VSV) strain ts045, and then biosynthetically radiolabeled with 100 µCi Expre35S35S (spec
act. 1175 Ci/mmol, PerkinElmer Life Sciences) for 10 min at the restrictive temperature
(39.5°C) to maintain the VSV-G mutant protein in the ER. The cells were perforated by
swelling and scraping, and then employed in the ER to cis/medial Golgi transport assay as
described (27). Transport reactions were performed in a final volume of 40 µl in a buffer
which contains 25 mM Hepes-KOH (pH 7.2), 75 mM KOAc, 2.5 mM MgOAc, 5 mM
EGTA, 1.8 mM CaCl2, 1 mM N-acetylglucosamine, an ATP-regeneration system (1 mM
ATP, 5 mM creatine phosphate and 0.2 IU rabbit muscle creatine phosphokinase), 5 µl rat
liver cytosol, and 5 µl of semi-intact cells (~5×107 cells/ml, ~25–30 µg/ml total protein),
resuspended in 50 mM Hepes-KOH, 90 mM KOAc (pH 7.2). The reactions were
supplemented without or with the indicated concentration of purified recombinant GAPDH
or GAPDH Y41F, incubated at 32°C for 90 min, and then transferred to ice to terminate
transport. The cells were pelleted by centrifugation, solubilized in buffer and digested with
endoglycosidase H (endo H) (New England Biolabs, Beverly, MA). The samples were
analyzed by SDS-PAGE and the fraction of ts045 VSV-G protein processed to the endo H
resistant forms quantitated by a Storm PhosphorImager.

Indirect Immunofluorescence
NRK cells plated on coverslips were infected with ts045 VSV-G at 39.5°C for 2–3 h, and
then shifted to ice and permeabilized with digitonin (20 µg/ml) as outlined previously (16,
34). Coverslips with permeabilized cells were inverted and placed in tissue culture wells that
contained the transport cocktail described above, supplemented with purified recombinant
GAPDH (200 ng) or with GAPDH Y41F (200 ng), and then incubated for 40 min at 32°C.
To terminate transport, the coverslips were transported to ice and fixed in 3% formaldehyde/
PBS for 10 min. Intracellular ts045-VSV-G was detected by re-permeabilization of the fixed
cells with 0.05% saponin in PBS and 5% normal goat serum for 10 min, washed twice with
PBS, and than incubated for 30 min with a monoclonal antibody to VSV-G (P5D4) (Sigma-
Aldrich, St. Louis, MO), or to anti-p53/p58 (35) or with anti-GM130 (BD Sciences). The
cells were washed 3X with PBS, incubated with Texas Red anti-mouse antibody and FITC-
conjugated anti-Xpress antibody (Invitrogen) for 1 h, washed, mounted in Prolong antifade
(Molecular Probes, Eugene, OR), and then viewed under a Zeiss Axiovert fluorescence
microscope. Alternatively, NRK cells were plated overnight on coverslips, and then
transfected with purified recombinant GAPDH (1 µg) or purified recombinant GAPDH
Y41F (1 µg) using Chariot protein transfection reagent (Active Motif, Carlsbad, CA).
Briefly, GAPDH or GAPDH Y41F was diluted in PBS (100 µl total volume), then added to
the Chariot reagent pre-diluted 1:100 in H2O, (total volume 100 µl), and incubated for 30
min at RT to allow the Chariot-GAPDH complexes to form. The cells were washed 3X with
PBS, and the coverslips containing the cells inverted and placed over a drop containing the
macromolecular complex. The transfected cells were incubated for 4 h at 37°C in a 5% CO2
incubator, and then shifted to 15°C for 45 min. The cells were fixed and washed as above,
and then incubated for 30 min with a monoclonal antibody to aPKCι/λ (BD Biosciences) or
anti-β-COP (EAGE peptide) (30), and then incubated with the secondary reagents as
described above. The transfection efficiency was ~ 52% and in 46% of the cells the input
protein induced a phenotypic change.
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Abbreviations

ER endoplasmic reticulum

VTC vesicular tubular cluster

aPKCι/λ atypical protein kinase C ι/λ

GAPDH glyceraldehyde-3-phosphate dehydrogenase

NRK normal rat kidney

VSV-G vesicular stomatitis virus glycoprotein

β-COP β-coat protein

GTPγS guanosine 5'-O-(thiotriphosphate)

TBS Tris-buffered saline

PP2 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo (3,4-d) pyrimidine
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Figure 1. Src does not Phosphorylate GAPDH Y41F
Src (0.1 µg) was incubated with purified recombinant GAPDH or GAPDH Y41F (0.5 µg) in
50 mM Tris (pH 7.4), 10 mM MgCl2, 3 mM MnCl2, 50 µM ATP, and 10 µCi [γ-32P]ATP
for 15 min at 30°C in the absence or presence of 5 µM PP2. The reaction was stopped by the
addition of 5X sample buffer, and then separated by SDS-PAGE followed by
autoradiography.
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Figure 2. Membrane-Associated GAPDH is Tyrosine Phosphorylated
Panel A. Salt-washed NRK membranes prepared as described under "Materials and
Methods" were preincubated with recombinant GAPDH or recombinant GAPDH Y41F (75
ng) and with purified recombinant Rab2 at the concentrations indicated, and the reaction
mix incubated on ice for 10 min. Rat liver cytosol and GTPγS were then added and the
reactions shifted to 32°C and incubated for 12 min. To terminate the reaction, the
membranes were collected by centrifugation, and the membrane pellet separated by SDS-
PAGE, and then transferred to nitrocellulose. The blot was probed with an anti-
phosphotyrosine monoclonal antibody (P-Tyr-100), washed, further incubated with HRP-
conjugated secondary antibody, and then developed with ECL. The blot was stripped and
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reprobed with a monoclonal antibody to His6, and processed as above. A representative
Western blot from one of three independent experiments is shown for both antibodies. Panel
B. Salt-washed NRK membranes were incubated at 32°C for increasing time with His6-
GAPDH (75 ng), purified recombinant Rab2 (100 ng), cytosol, and GTPγS. At the time
indicated, the membranes were shifted to ice, pelleted, separated by SDS-PAGE, and then
transferred to nitrocellulose. The blot was probed with anti-Src 416 (activated Src), and anti-
phosphotyrosine monoclonal antibody, and processed as above. The blot was then stripped
and reprobed with anti-His6 monoclonal antibody and developed as above. The developed
blots were quantitated by densitometry. A representative Western blot from one of three
independent experiments is shown.

Tisdale and Artalejo Page 14

Traffic. Author manuscript; available in PMC 2013 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Src-Dependent GAPDH Phosphorylation is Required for ts045 VSV-G Transport in
the Early Secretory Pathway
Panel A. NRK cells infected with ts045 VSV-G were metabolically labeled with [35S]-
methionine at 39.5°C for 10 min. The cells were permeabilized, shifted to 32°C, and then
chased in radiolabel-free media for 90 min in the absence or presence of increasing
concentrations of recombinant GAPDH or GAPDH Y41F. ts045-VSV-G was
immunoprecipitated from detergent-lysed cells and incubated in the absence (−) or presence
(+) of endo H and then analyzed by SDS-PAGE and fluorography. The endo H resistant
forms of ts045 VSV-G (R2) were quantitated using a Phosphorimager. A representative
autoradiograph from one of three independent experiments is shown. Panel B. NRK cells
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grown on coverslips were infected with ts045 VSV-G for 2–3 h at 39.5°C. The cells were
rapidly shifted to ice, permeabilized with digitonin, and then incubated in a complete
transport cocktail in the presence of recombinant GAPDH (200 ng) or GAPDH Y41F (200
ng) for 40 min at 32°C. The intracellular distribution of ts045 VSV-G, recombinant GAPDH
wt or mutant (inset), p53/p58, and GM130 was determined as described under "Materials
and Methods."
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Figure 4. Tyrosine Phosphorylation of GAPDH 41 is Required for Interaction with aPKCι/λ to
Promote β-COP Recruitment and Subsequent Vesicle Formation
Panel A. Purified recombinant GAPDH and GAPDH Y41F (5 µg) were separated by SDS-
PAGE and transferred to nitrocellulose, and then the blot incubated overnight at 4°C in
renaturation buffer as described under "Materials and Methods." The blot was washed in
TBS, and then incubated overnight at 4°C in 50 mM Tris (pH 7.4), 0.1% BSA, 200 mM
NaCl, 20 µg/ml phosphatidylserine, and 10 µg/ml purified recombinant Rab2 or purified
PKCι. Control was incubated in the absence of Rab2 or PKCι. After incubation, the blot
was washed with TBS, and then probed with an anti-Rab2 polyclonal antibody or an anti-
aPKCι/λ monoclonal antibody, washed, further incubated with an HRP-conjugated
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secondary antibody, and then developed with ECL. Panel B. HeLa cell lysate from vTF7-3
infected/pET15B GAPDH or GAPDH Y41F transfected cells was incubated without or with
anti-His6 monoclonal antibody and Protein G plus/Protein A agarose for 4 h at RT. The
immune complexes were collected by centrifugation, washed, and analyzed as described
under "Methods and Materials." The blot was probed with an anti-PKCι/λ monoclonal
antibody and an anti-Xpress monoclonal antibody, washed, incubated with HRP-conjugated
secondary antibody, and then developed with ECL. The input lane contains one tenth of the
total lysate. Panel C. NRK cells grown on coverslips were transfected with recombinant
GAPDH (1 µg) or recombinant GAPDH Y41F (1 µg) using Chariot protein transfection
reagent, as described under "Materials and Methods." The cells were incubated for 4 h at
37°C in a 5% CO2 incubator, shifted to 15°C for 45 min to accumulate VTCs, and then fixed
in 3% formaldehyde/FBS and immunostained with anti-aPKCι antibody/Texas red anti-
mouse or anti-β-COP and FITC-conjugated anti-Xpress antibody (inset). Panel D. Salt-
washed NRK membranes were preincubated with the indicated concentrations of purified
recombinant His6-GAPDH or His6-GAPDH Y41F and 100 ng purified recombinant Rab2
for 10 min on ice. Rat liver cytosol and GTPγS were added and the reactions shifted to 32°C
and incubated for 12 min. To terminate the reaction, the membranes were collected by
centrifugation, and the membrane pellet separated by SDS-PAGE, and then transferred to
nitrocellulose. The blot was probed with an anti-β-COP polyclonal antibody (EAGE), anti-
Src monoclonal antibody, anti-PKCι/λ monoclonal antibody, and anti-phosphoserine
monoclonal antibody, washed, further incubated with HRP-conjugated secondary antibody,
and then developed with ECL. The blot was then stripped and reprobed with anti-His6
monoclonal antibody and then developed, as above. Panel E. Salt-washed NRK membranes
were preincubated with purified recombinant GAPDH (100 ng) or GAPDH Y41F (100 ng)
and with Rab2 (300 ng) for 10 min on ice. Cytosol and GTPγS were added and the binding
reaction incubated for 12 min at 32°C. Membranes were collected by centrifugation (35,000
× g for 20 min) to obtain a pellet (P1). The supernatant was re-centrifuged at 100,000 × g for
60 min and the resultant pellet (P2) and P1 were separated by SDS-PAGE, immunoblotted
with an anti-β-COP polyclonal antibody, and the blot was developed with ECL. The results
are representative of three independent experiments.
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Figure 5. Model for Rab2 Recruitment of Downstream Effectors and Subsequent
Phosphorylation Events
VTC associated Rab2-GAPDH (1) promotes recruitment of Src that phosphorylates tyrosine
41 in GAPDH, (2) aPKCι/λ binds to P-Tyr41 GAPDH and Rab2, and (3) Src
phosphorylates aPKCι/λ to stabilize aPKCι/λ-GAPDH-Src-Rab2 interaction on the VTC,
(4) aPKCι/λ phosphorylates GAPDH. We propose that Rab2-Src-aPKCι/λ;-GAPDH are
components of a signaling complex that defines and regulates the site of vesicle budding and
microtubule directed movement from the VTC.
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