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Abstract

A tripartite association of Rab11a with both Rab11-FIP2 and MYO5B regulates recycling

endosome trafficking. We sought to define the intermolecular interactions required between

Rab11-FIP2 with MYO5B. Using a random mutagenesis strategy, we identified point mutations at

S229P or G233E in Rab11-FIP2 that caused loss of interaction with MYO5B in yeast 2-hybrid

assays as well as loss of interaction of Rab11-FIP2(129-356) with MYO5B tail when expressed in

HeLa cells. Single mutations or the double S229P/G233E mutation failed to alter the association

of full-length Rab11-FIP2 with MYO5B tail in HeLa cells. While EGFP-Rab11-FIP2 wild type

co-localized with endogenous MYO5B staining in MDCK cells, EGFP-Rab11-FIP2(S229P/

G233E) showed a significant decrease in localization with endogenous MYO5B. Analysis of

Rab11a-containing vesicle movement in live HeLa cells demonstrated that when the MYO5B/

Rab11-FIP2 association is perturbed by mutation or by Rab11-FIP2 knockdown, vesicle

movement is increased in both speed and track length, consistent with an impairment of MYO5B

tethering at the cytoskeleton. These results support a critical role for the interaction of MYO5B

with Rab11-FIP2 in stabilizing the functional complex with Rab11a, which regulates dynamic

movements of membrane recycling vesicles.
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Introduction

Rab proteins act as cell compartment-specific trafficking regulators by specifying the

intracellular sites for assembly of multiprotein complexes that regulate the discrete functions
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of particular trafficking pathways (1). These multiprotein assemblies are involved in vesicle

budding, vesicle apposition and fusion as well as vesicle movement along cytoskeletal

elements. The interaction of Rab proteins with molecular motors is of particular interest,

because it accounts for a critical mechanism for the regulation of the movement of vesicles

within cells along organelle-specific paths. The three members of Class V myosins, myosin

VA, VB and VC, (MYO5A, MYO5B AND MYO5C) all are localized to membrane subsets

based on interactions with Rab small GTPases. Thus, Rab27a interacts with MYO5A and

this interaction is required for normal movement of melanosomes and for function of

secretory lysosomes in general (2-5). Similarly, the Rab11 family of small GTPases

(Rab11a, Rab11b and Rab25) can all interact directly with MYO5A and MYO5B (6, 7). All

three class V myosins can interact with Rab8a and Rab10, although the interaction of Rab10

with MYO5A and MYO5B is dependent on the presence of an alternatively-spliced 30

amino acid exon (Exon D) (8).

While Rab proteins may designate the site for assembly of multiprotein complexes, other

protein interactions likely define functional properties. Thus, in addition to the direct

interactions of Rab proteins with class V myosins, in the case of MYO5A and MYO5B,

adapter molecules exist for further coordination. Melanophilin associates with both Rab27a

and MYO5A and the interaction requires the presence of the MYO5A Exon F (9-12).

MyRIP can interact with MYO5A and Rab27a, but the interaction is not dependent on the

presence of Exon F in MYO5A (12-14). Similarly, Rab11-FIP2 can interact with both

Rab11a and MYO5B (15). Rab11-FIP2 is a member of a family of Rab11a binding proteins

that all contain a conserved carboxyl-terminal Rab11-binding domain (16, 17). Among the

Rab11-FIP proteins, only Rab11-FIP2 can interact with MYO5B. We have previously

demonstrated that the interaction of MYO5B with Rab11-FIP2 occurs through a region of

Rab11-FIP2 that does not include either the amino terminal C2-domain or the carboxyl

terminal Rab11-binding domain (15). We have now sought to define discrete residues within

Rab11-FIP2 that are responsible for interaction with MYO5B. These studies have identified

two residues within Rab11-FIP2 that regulate interaction with MYO5B. The overall results

indicate that either loss of Rab11-FIP2 or destabilization of the interaction between Rab11-

FIP2 and MYO5B leads to an increase in the movement of Rab11a-containing vesicles by

releasing vesicles from a non-motile tethered pool. These results demonstrate a function for

the Rab11-FIP2/MYO5B complex in resisting the transit of Rab11a-containing vesicle along

microtubules and support the role of MYO5B as a dynamic tether.

Results

Characterization of MYO5B binding residues in Rab11-FIP2

Over the past decade, a number of studies have suggested that the assembly of both Rab11-

FIP2 and MYO5B with Rab11a creates a critical regulatory complex for recycling of a

number of diverse cargoes (15, 18-20). Our previous studies demonstrated that the central

region of Rab11-FIP2, Rab11-FIP2(129-356), which lacked both the amino terminal C2

domain and the carboxyl terminal Rab11 binding domain, colocalized with MYO5B tail

when both were co-expressed in HeLa cells (15). Nevertheless, the identity of critical

residues for MYO5B association with Rab11-FIP2 had not been determined. We therefore
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sought to examine which amino acids in Rab11-FIP2 could account for the interaction of the

key regulators. We performed a random mutagenesis of Rab11-FIP2(129-356) in pBD-

GAL-Cam by transforming the plasmid into the mutator strain XL-1 Red and growing the

bacteria for 73 hours to produce a predicted one mutation per 1000 nucleotides. The

plasmids isolated from this culture served as a library of random mutants of Rab11-

FIP2(129-356) and were cotransformed into yeast with pAD-GAL-MYO5B tail. Colonies

with loss of X-gal reactivity were isolated and the plasmids were rescued and sequenced. As

expected, the majority of revertent clones were due to non-sense truncation mutants.

However, we did isolate two point mutants at S229P and G233E, which caused a loss of

yeast 2-hybrid interaction. When we introduced the S229P mutation into full-length Rab11-

FIP2, the protein also lost interaction with MYO5B tail (Figure 1), while the G233E

mutation failed to disrupt the interaction with full-length MYO5B. A dual mutation with

S229P/G233E in full length Rab11-FIP2 also lost interaction with MYO5B in yeast 2-hybrid

assays.

Rab11-FIP2 mutations alter its interaction with MYO5B

To evaluate the efficacy of Rab11-FIP2 mutations, we studied the ability of MYO5B tail to

sequester expressed Rab11-FIP2 in HeLa cells. We have previously demonstrated that

MYO5B tail can sequester both wild type Rab11-FIP2 and Rab11-FIP2(129-356) (15). Both

Rab11-FIP2(129-356) (S229P) and Rab11-FIP2(129-356) (G233E) failed to localize with

mCherry-MYO5B tail and were distributed through the cytosol (Figure 2, Supplemental

Figure 1). For each GFP-Rab11-FIP2 construct, we imaged 10 cells and scored them blindly

for colocalization with mCherry-MYO5B tail. GFP-Rab11-FIP2 was classified as either

colocalized, partial, or separate from mCherry-MYO5B tail. These classifications were

graphed and the distributions were analyzed by Chi Square analysis. For both GFP-Rab11-

FIP2(S229P) and GFP-Rab11-FIP2(G233E), the distributions were significantly different

than wild type (p<0.001). These results confirm that these two amino acids are critical for

MYO5B binding to Rab11-FIP2.

We next evaluated the effects of putative MYO5B binding region Rab11-FIP2 mutations on

the behavior of full length Rab11-FIP2 co-expressed with MYO5B tail. As previously

reported, full-length wild type Rab11-FIP2 was sequestered efficiently with MYO5B tail in

HeLa cells (Figure 3). Furthermore, the S229P and G233E mutants of wild type Rab11-

FIP2, as well as the double S229P/G233E mutant, all still sequestered with mCherry-

MYO5B tail when co-expressed in HeLa cells. For the 10 cells imaged and scored for GFP-

Rab11-FIP2, GFP-Rab11-FIP2(S229P), GFP-Rab11-FIP2(G233E), and GFP-Rab11-

FIP2(S229P/G233E), we found no statistical difference in the distributions with mCherry-

MYO5B tail.

Rab11-FIP2(S229P/G233E) shows decreased localization with endogenous MYO5B

While our studies demonstrated that full-length Rab11-FIP2(S229P/G233E) could localize

with MYO5B tail, the results of these dual over-expression studies can be influenced by

altered avidity due to the over-expression of both proteins. Therefore, to evaluate the in situ

association of the Rab11-FIP2(S229P/G233E) with MYO5B, we utilized a newly-developed

chicken anti-MYO5B antibody that recognizes endogenous MYO5B in MDCK cells by
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immunofluorescence (21). MDCK cells were transfected with either full length Venus-

Rab11-FIP2 wild type or Venus-Rab11-FIP2(S229P/G233E) with simultaneous staining for

endogenous MYO5B and Rab11a (Figure 4, Supplemental Figure 2). Quantitative analysis

of the staining demonstrated that there was a significant decrease in colocalization of

MYO5B with Rab11-FIP2(S229P/G233E) compared to wild type Rab11-FIP2(Figure

4A,B). Similar deficits were seen for localization of MYO5B with Rab11a in cells

expressing Rab11-FIP2(S229P/G233E). In contrast no significant difference was observed

for co-localization of the two Rab11-FIP2 proteins and Rab11a. We have previously noted

that expression of Rab11-FIP2(129-512), which lacks the amino terminal C2-domain, causes

a prominent inhibition of Rab11a-dependent recycling in MDCK cells (22, 23). We

therefore also evaluated the effects of the S229P/G233E mutations in the context of the

Rab11-FIP2(129-512) truncation (Figure 4C,D). As with the full length construct, the

S229P/G233E mutation elicited a decrease in the accumulation of MYO5B with Rab11-

FIP2(129-512) and also decreased colocalization of MYO5B with Rab11a. Also similar to

the full length constructs, the mutations had no effect on the association of Rab11a with the

truncated Rab11-FIP2(129-512). These studies confirm that the S229P/G233E mutations

lead to a decrease in the effective association of endogenous MYO5B with Rab11-FIP2.

Additionally, to confirm that the S229P/G233E point mutants in Rab11-FIP2 do not

interfere with Rab11-FIP2 binding to Rab11a, we performed an in vitro binding assay.

Using bacterially expressed Rab11-FIP2 or Rab11-FIP2(S229P/G233E), we found that

recombinant Rab11a was able to bind similarly to both forms of Rab11-FIP2(Supplemental

Figure 3).

Rab11-FIP2 mutations and Rab11-FIP2 knockdown alter the movements of Rab11a-
containing vesicles

While our data indicated that a Rab11a/Rab11-FIP2/MYO5B complex might be assembled

even in the face of altered interactions between Rab11-FIP2 and MYO5B, we hypothesized

that the functional integrity of that complex might be compromised. Thus, we sought to

investigate whether mutations in Rab11-FIP2 would alter the behavior of Rab11a-containing

vesicles. To determine whether the Rab11-FIP2(S229P/G233E) mutant influences Rab11a

vesicle movement, we conducted live cell imaging of HeLa cells expressing mCherry-

Rab11a in combination with either Venus-Rab11-FIP2 wild type or the Venus-Rab11-

FIP2(S229P/G233E) double mutant. We tracked a minimum of 20,000 individual Rab11a-

containing vesicles moving over time in at least 11 cells for each condition and focused on

two specific parameters of vesicle movement (Figure 5A). First, we evaluated track

displacement length as the distance between the first and last points on the track. Second, we

examined track speed mean as the average speed of the vesicle over the entire track. We

observed a significant increase in Rab11a vesicle track speed from 0.27μm/s in cells

expressing wild type Rab11-FIP2 to 0.34μm/sin the presence of the Rab11-FIP2(S229P/

G233E) (p<0.0001;Figure 5A, Supplemental Figure 5 and Supplemental Videos 1,2). This

increase in observed speed in the presence of Rab11-FIP2(S229P/G233E)was also

associated with a significant increase in track displacement for Rab11a vesicles (5.50μm vs.

6.57μm in wild type-expressing cells, p<0.0001). These combined results suggest that the

Rab11a vesicles, in the presence of the Rab11-FIP2(S229P/G233E) double mutant, move
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both more rapidly and farther compared with Rab11a vesicles in the presence of wild type

Rab11-FIP2.

Since we found a significant increase in Rab11a vesicle speed and displacement in the

presence of Rab11-FIP2(S229P/G233E) compared to wild type, we examined Rab11a

vesicle speed and displacement in the absence of Rab11-FIP2. We created stable HeLa cell

lines expressing either a scrambled shRNA control or shRNA against the Rab11-FIP23′-

untranslated region (UTR) which elicited a prominent reduction in Rab11-FIP2 protein

expression (Supplemental Figure 4). Using the same parameters as in the overexpression

experiments, we found that Rab11-FIP2 knockdown cells displayed a significant increase in

mCherry-Rab11a vesicle speed over scrambled shRNA control (0.33 μm/s vs. 0.28 μm/s in

control, p<0.001) (Figure 5B, Supplemental Figure 5, and Supplemental Videos 3,4).

Similarly, track displacement length was increased significantly in Rab11-FIP2 knockdown

cells compared to control cells expressing scrambled shRNA (6.42 μm vs. 4.63 μm in

control, p<0.001).

Next, we examined whether re-expression of either Venus-Rab11-FIP2 or Venus-Rab11-

FIP2(S229P/G233E) in the knockdown cells could normalize the increased Rab11a vesicle

movement phenotype. Rab11-FIP2 knockdown cells expressing Venus-Rab11-FIP2 wild

type showed a significant decrease in vesicle speed compared to Rab11-FIP2 knockdown

cells (0.27 μm/s vs. 0.33 μm/s, p<0.001) (Figure 5B, Supplemental Figure 5 and

Supplemental Videos 4,5). Also, track displacement length was significantly decreased in

Rab11-FIP2 knockdown expressing Venus-Rab11-FIP2 wild type compared to Rab11-FIP2

knockdown alone (4.56 μm vs. 6.42 μm, p<0.001). These results demonstrate that re-

expression of Rab11-FIP2 can reverse the increasedRab11a vesicle movement phenotype

elicited with Rab11-FIP2 knockdown.

In contrast, cells expressing Venus-Rab11-FIP2(S229P/G233E) in the context of

endogenous Rab11-FIP2 knockdown still displayed a significant increase in vesicle speed

over re-expression of Venus-Rab11-FIP2 wild type in knockdown cells (0.31 μm/s vs. 0.27

μm/s in wild type, p<0.001) (Figure 5B, Supplemental Figure 5 and Supplemental Videos

4,6). Additionally, mCherry-Rab11a track displacement length in Rab11-FIP2 knockdown

cells expressing Venus-Rab11-FIP2(S229P/G233E) showed a significant increase over

Rab11-FIP2 knockdown cells expressing Venus-Rab11-FIP2 wild type in (5.58 μm vs. 4.56

μm in wild type, p<0.001). These results demonstrate that Venus-Rab11-FIP2(S229P/

G233E) could not rescue the aberrant phenotype of Rab11-FIP2 knockdown cells to the

extent observed with Venus-Rab11-FIP2 wild type. Therefore, knockdown of Rab11-FIP2

alters Rab11a-containing vesicle movement in a similar manner to that observed with

overexpression of Venus-Rab11-FIP2(S229P/G233E). These findings show that the

mutations in the MYO5B binding domain of Rab11-FIP2 result in more rapid vesicle

movement along microtubules.

To examine the underlying cause for changes in Rab11a vesicle movement, we sought to

evaluate in greater depth the parameters of vesicle displacement. We determined that the

distribution of vesicle movement parameters, including track speed mean, track

displacement length, and instantaneous vesicle speed, were changed in Rab11-FIP2
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knockdown compared to control. The overall distributions were significantly different

among all four conditions (Chi square, p<0.0001 for track displacement length, p<0.0001 for

track speed mean, and p<0.0001 for instantaneous vesicle speed) (Figure 6A,C,E). The

distribution in all three parameters was shifted such that the population of less motile

vesicles was decreased in Rab11-FIP2 knockdown compared to control cells. For track

displacement length, 67.9% of mCherry-Rab11a vesicles traveled less than 5μm in control

cells, while this population was decreased to 56.3% in Rab11-FIP2 knockdown cells (Figure

6B). Furthermore, rescue with Venus-Rab11-FIP2 brought this slow-moving vesicle

population back to 69.4%, while rescue with Venus-Rab11-FIP2(S229P/G233E) remained

low at 61.8%. Similarly, the percentage of vesicles moving at mean speeds of less than

0.25μm/sec was decreased in Rab11-FIP2 knockdown (40.6%) compared to control (53.5%)

(Figure 6D). Also, this phenotype was rescued with Venus-Rab11-FIP2(57.3%) but not with

Venus-Rab11-FIP2(S229P/G233E) (45.9%). All of these parameters suggested that the

increase in vesicle speed observed with loss of Rab11-FIP2 expression or loss of Rab11-

FIP2 interaction with MYO5B resulted from a decrease in non-motile vesicles.

Next, we compared the instantaneous speed of individual vesicles at each point along the

tracks (Figure 6F). This measurement indicates the vesicle speed at every point along the

track. We found that the population of mCherry-Rab11a vesicles moving less than 0.05

μm/sec was decreased in Rab11-FIP2 knockdown cells compared to scrambled control cells

(24.9% in KD, 32.4% in control). Rescue of this phenotype with Venus-Rab11-FIP2

increased this population back to 37.4%, while the population in cells rescued with Venus-

Rab11-FIP2(S229P/G233E) was 27.5%. Because our measurements were performed on

vesicles of approximately 0.4 μm in diameter, this population of vesicles moving less than

0.05 μm/sec represents a population of non-motile vesicles or points at which vesicles are

stalled. Therefore, this population of non-motile or stalled vesicles revealed by perturbing

the MYO5B/Rab11-FIP2 interaction suggests that MYO5B has reduced its ability to tether

these Rab11a-containing vesicles.

Finally, we analyzed this population of non-motile vesicles to determine if they were

concentrated in specific regions of the cell or if they were randomly distributed. By color

coding the vesicles by speed we found that different vesicle speeds were randomly

distributed across the cell for all test conditions (Figure 7). Thus, in scrambled control, FIP2

knockdown, FIP2 knockdown + FIP2(WT) and FIP2 knockdown + FIP2(SPGE) we

observed slower moving vesicles coded in blue across the entire cell and faster moving

vesicles coded in green, yellow, and red also distributed across the entire cell. We saw no

concentration of slow or fast moving vesicle populations an any discrete cell regions.

Discussion

The assembly of multiprotein complexes is critical to the function of Rab small GTPases in

the regulation of specific membrane trafficking pathways. In the case of Rab11a, where

multiple Rab11-binding proteins are known and are present in the same cell, many protein

assemblies are possible (22). While relatively little is known about how formation of

specific complexes regulates particular aspects of trafficking, the tripartite complex of

Rab11a with both MYO5B and Rab11-FIP2 is one of the best-characterized interacting
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protein complexes. Rab11a binds to the carboxyl terminal region of Rab11-FIP2 through an

amphipathic alpha-helical domain that is conserved in Rab11-FIP proteins (16, 17). Limited

structural studies of the carboxyl terminus of Rab11-FIP2 have shown that the terminal 100

amino acids of the protein form a dimer that interacts with two molecules of Rab11a

(24-26). The binding site for Rab11a with MYO5B is more complex and direct interaction

was established in yeast 2-hybrid screening studies as well as FRET studies in vivo (7, 27).

More recently we have been able to obtain complexes of Rab11a with the globular tail of

MYO5B through co-expression of the proteins in bacteria (28). In those studies, mutation of

two key amino acids in MYO5B abolishes interaction of Rab11a with MYO5B (28).

We have now determined key residues within Rab11-FIP2 that are critical for interactions

between Rab11-FIP2 and MYO5B. It is clear that MYO5B tail can interact directly with

Rab11-FIP2 in both yeast 2-hybrid assays and in vivo interaction assays (29). We have

utilized the interaction in yeast 2-hybrid assays to identify two residues that influence the

interaction between the two proteins. The two residues, S229 and G233, reside in a flexible

region distal to the amino-terminal C2 domain. Mutation of these amino acids in the

minimal Rab11-FIP2 MYO5B binding region (amino acids 129-356) caused a loss in

association with MYO5B. Interestingly, when the mutations were introduced into full length

Rab11-FIP2, we did not observe a loss of interaction with MYO5B. However, we did

observe a loss of colocalization between Rab11-FIP2 and endogenous MYO5B in MCDK

cells, indicating that these residues are important for maintaining the tripartite complex.

Thus, by implication, the interaction of MYO5B and Rab11-FIP2 is likely involved in

stabilizing the complex or in functional aspects of the Rab11a/Rab11-FIP2/MYO5B

complex. Our data suggest that MYO5B acts as a dynamic tether and that disruption of the

MYO5B/Rab11-FIP2 association leads to increased Rab11a-containing vesicle motility. By

analyzing the association of endogenous MYO5B with the dual mutant form of Rab11-FIP2,

we observed a decrease in MYO5B association with Rab11-FIP2(S229P/G233E) with no

change in association of Rab11-FIP2(S229/G233E) with Rab11a. This observation is

consistent with the concept that inhibition of the interaction of MYO5B with Rab11-FIP2

would destabilize the trafficking complex. It remains unclear where MYO5B acts as a true

processive motor for vesicle movement along actin filaments versus a dynamic tether

resisting movement or altering vesicle directionality along microtubules. Recent studies

have suggested that the MYO5B motor acts to resist the movement of recycling system

vesicles along microtubules (30). Consistent with this concept, our studies showed that

either mutation or knockdown of Rab11-FIP2 caused Rab11a-containing vesicles to move

more quickly over greater distances, pointing to a role of MYO5B as a dynamic tether.

Previous work however, implicated MYO5B as a tether specifically in peripheral endocytic

compartments, whereas our work analyzes the role of MYO5B/Rab11-FIP2 in the entire

population of Rab11a-containing vesicles. Furthermore, our analyses identify a pool of non-

motile or stalled vesicles. We have shown that this non-motile pool is smaller when the

MYO5B/Rab11-FIP2 interaction is perturbed, pointing to the critical role of the MYO5B/

Rab11-FIP2/Rab11a tripartite complex in the overall motility of Rab11a containing vesicles.

Furthermore, our distribution analysis reveals a stopping and starting behavior of these

vesicles, which suggests that the MYO5B tethering is dynamic. Similarly, several studies
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have recently suggested a model where myosin V motors can participate in a “tug-of-war”

with either kinesin or dynein and can resist movement of organelles along microtubules by

processive anchoring to F-actin filaments (31, 32). Our data support this hypothesis as well,

since release of the MYO5B/Rab11-FIP2 resistance leads to increased Rab11a-containing

vesicle movement as measured by an increase in vesicle speed and distance traveled. Our

analyses show that this increased vesicle movement is due to a smaller population of non-

motile vesicles in conditions where the MYO5B/Rab11-FIP2 interaction is disrupted and

thus supports a role for MYO5B as a tether. Furthermore, this tethering function as seen in

populations of non-motile vesicles was randomly distributed across the entire cell. It should

also be noted that MYO5B may also serve as a true processive motor in certain cell regions.

Thus, MYO5B and Rab11-FIP2 are thought to be critical for trafficking of AMPA receptors

into dendritic spines (33). The difference in function could reflect a role for MYO5B as a

resistor of long-distance vesicle transport along microtubules, compared to directed transport

across shorter distances along F-actin filaments. In any case, the present results support a

critical role for the binding of Rab11-FIP2 with MYO5B within a functional complex with

Rab11a to regulate dynamic movements of membrane recycling vesicles.

In conclusion, our data define two important residues (S229 and G233) involved in the

interaction of Rab11-FIP2 with MYO5B and show that this interaction is important for the

stability and tethering function of the Rab11a/Rab11-FIP2/MYO5B tripartite complex. Our

findings strengthen the hypothesis that MYO5B is a dynamic tether and indicate a role for

this tether in resisting the movement of Rab11a-containing vesicles, distinct from any

capacity as a processive motor.

Materials and Methods

Constructs

EGFP-Rab11-FIP2 constructs were described previously and Rab11-FIP2 sequences were

subcloned into Venus-C2 plasmids (16). MYO5B and MYO5B tail constructs were

described previously (7, 27). The Venus- versions of Rab11-FIP2 and Rab11-FIP2(129-356)

with both single and double mutants were made by standard Quikchange methods

(Stratagene).

Antibodies

The Rabbit anti-Rab11a and the chicken anti-MYO5B were as previously described (21,

34). We further validated the anti-MYO5B antibody by probing lysates of control and

MYO5B knockdown in MDCK cells (Supplemental Figure 6) (21). Secondary antibodies

were from Jackson ImmunoResearch. Three different Rab11-FIP2 antibodies were used in

combination for western blotting: a polyclonal rabbit antibody from Sigma-Aldrich

(HPA037726), a polyclonal rabbit antibody from Proteintech Group (18136-1-AP), and a

polyclonal goat antibody. The polyclonal goat anti-Rab11-FIP2 was produced against a

KLH-conjugated peptide (NRQDYFDYESTN) corresponding to amino acids 395-406 in the

human Rab11-FIP2 sequence (Strategic Biosolutions, Ramona, CA). The antiserum was

affinity purified utilizing the non-conjugated peptide. Rabbit anti-VDAC was from Abcam

(ab15895).
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XL-1 Red mutagenesis

To create random mutations in the Rab11-FIP2 nucleotide sequence, we used XL-1 Red

competent cells from Stratagene and followed the Stratagene instructions to create a “mini-

library” of Rab11-FIP2 mutants to be used in a yeast 2-hybrid screen. We followed the

standard competent cell transformation for XL-1 Red until the plating step. At this step, we

took the 100 μl of XL-1 Red cells transformed with Rab11-FIP2(129-356) in pBD-GAL-

Cam (Stratagene, referred to as BD) and added 100 ml LB with antibiotic. We grew this 100

ml at 37°C for 73 hours. 73 hours was chosen based on calculations of the length of the

Rab11-FIP2(129-356)-BD plasmid (approximately 7200 nt) and the goal of one mutation

per 1000 nucleotides. Fresh antibiotic was added every 24 hours. After 73 hours, the 100 ml

culture was used for a maxiprep (Qiagen). We utilized this plasmid stock as a library of

random mutations in Rab11-FIP2(129-356)-BD.

Yeast 2-hybrid screen

To find mutants of Rab11-FIP2(129-356)-BD that could not interact with MYO5B tail in

pAD-GAL (Stratagene, referred to as BD or AD), we performed a modified yeast 2-hybrid

screen. A target line of MYO5B tail-AD was created. Using this yeast line, we transformed

2.5 μg of our Rab11-FIP2(129-356)-BD mutant library. Transformed yeast were plated onto

10 plates under -Trp-Leu-Ade-His selection and incubated at 30°C for 4 days. On day 4,

blue-white screening was performed on plates to look for loss of Rab11-FIP2(129-356)-BD

and MYO5B tail-AD interaction. Colonies were transferred to filter paper, frozen in liquid

nitrogen twice, and then incubated with X-gal (20 mg/ml). Because the interaction between

Rab11-FIP2(129-356)-BD wild type and MYO5B tail-AD is a robust blue signal within 2-3

hours, we began looking for white colonies after three hours. Colonies that did not turn blue

after three hours were propagated, yeast minipreps were performed to isolate the Rab11-

FIP2(129-356)-BD DNA, and plasmids were sequenced to identify mutations in Rab11-

FIP2(129-356)-BD. Of the 48 white colonies isolated, 29 were wild type in Rab11-

FIP2(129-356), 14 were frameshift mutations resulting in a truncated protein, 3 were

nonsense mutations, and 2 were missense mutations.

Binary yeast 2-hybrid assays

After obtaining the two missense mutations, we created these single point mutants (S229P

and G233E) as well as the double point mutant (S229P/G233E) in full-length Rab11-FIP2-

BD as well as Rab11-FIP2(129-356)-BD for binary yeast 2-hybrid assays against MYO5B

tail-AD. These constructs were made by standard Quikchange methods (Stratagene). Binary

yeast 2-hybrid assays were performed as previously described with the same Rab11-FIP2-

BD constructs that exhibited no auto-activation (15).

Semi-quantitative Yeast 2-hybrid β-galactosidase assays

Individual colonies of dually expressing Y190 yeast were grown overnight at 30°C in

YPDA and used to inoculate fresh cultures the next morning. These cultures were grown for

6 hours and OD600 was determined. All samples were adjusted to the same OD600 and then

resuspended in a buffer of Z buffer/YPER/ONPG and incubated at 37°C for 16-24 hours.

Reactions were stopped with 1 M sodium acetate and absorbance at 420 nm was read on a
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spectrophotometer. All samples were assayed in triplicate and each experiment was

conducted three times. Arbitrary absorbance units were calculated by subtracting MYO5B

tail-AD interaction with empty pBD vector as background and the values were averaged. An

ANOVA test was performed across groups with post hoc comparison of significant means

with Bonferroni's multiple comparison test for pairwise comparisons using PRISM software.

In vitro Binding Assay

Rab11-FIP2 (WT or S229P/G233E) in pET30a was expressed in bacteria, induced for 2

hours with IPTG, and lysed in SDS sample buffer (16). Equal amounts of uninduced and

induced bacterial lysate were resolved by SDS-PAGE and stained with Coomassie blue. A

second gel with equal amounts was used for Rab11a overlay. After transfer to nitrocellulose,

4 ug of recombinant Rab11a (preloaded with GTP) was incubated with the blot and washed

with TBS + 0.05% Tween. The blot was incubated with rabbit anti-Rab11a antibody,

washed, incubated with secondary antibody (Li-Cor 926-32213 donkey anti-rabbit

IR800CW), washed, and signal was detected on a Li-Cor Odyssey imager.

HeLa and MDCK Cell Transfections and Staining

HeLa and MDCK cells were maintained and propagated by standard methods. Transient

transfections were performed for approximately 18-24 hours with 200 ng total DNA using

either Effectene transfection reagent (Qiagen) or PolyJet (SignaGen Laboratories). Cells

were fixed for 20 min. in either 4% paraformaldehyde or, for endogenous MYO5B staining,

with 200 mM Pipes, 2 mM EGTA, 2 mM MgSO4, 0.2% TritonX-100, 60% glycerol pH 7.0,

washed 3 times in PBS, and then blocked/extracted for 30 minutes at RT in 10% normal

donkey serum (Jackson Immuoresearch), 0.3% Triton X-100 in PBS. Coverslips were

incubated for 2 hours at RT with primary antibodies diluted in 1% normal donkey serum,

0.05% Tween-20 in PBS. Coverslips were washed 3 times for 15 minutes at RT with 0.05%

Tween-20 in PBS (PBS-T), then incubated for 1 hour at RT with secondary antibodies

diluted as above, washed 3 times in PBS-T, once in PBS, then rinsed in water and mounted

with ProLong Gold plus DAPI (Invitrogen).

Deconvolution Imaging and Quantitation

HeLa cells were fixed and imaged with a 100× oil immersion objective (1.4 numerical

aperture) on a DeltaVision deconvolution microscope (Applied Precision, Issaquah, WA)

and a CoolSNAP HQ2 camera (Photometrics, Tucson, AZ). Single plane, widefield images

were collected for DIC, FITC (GFP/Venus), and TRITC (mCherry). Images were collected

at 512 × 512 pixels. Exposures were typically 0.2 to 0.5 seconds and were sufficient to

achieve a minimum 5:1 signal-to-noise ratio. Individual raw files were deconvolved using

Applied Precision Softworx deconvolution package. For each GFP-Rab11-FIP2 construct,

10 cells were imaged. These cells were chosen based on a low expression level of GFP-

Rab11-FIP2. Images were then deidentified and scored blindly. Images were scored as to the

colocalization of GFP-Rab11-FIP2 with Cherry-MYO5B tail as Colocalized, Partial, or

Separate. These distributions were plotted as a bar graph. Distributions and Chi Square

analyses were performed with PRISM software for each pair.
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Confocal Imaging and Quantitation

Confocal images were taken either on a Zeiss LSM 510 inverted confocal microscope using

a 40×/1.30 Plan-Neofluar oil objective or on an Olympus FV-1000 inverted confocal

microscope using a 60×/1.42 Plan APO oil objective. Both microscopes are maintained in

the Vanderbilt Cell Imaging Shared Resource. Images were converted into tifs and

processed for figures in Adobe Photoshop. Quantitation of co-localization within the

perinuclear region of the cells was performed using the JACoP plug-in of ImageJ (35).

shRNA

Stable knockdown lines were created with lentiviral shRNA constructs from Sigma (Rab11-

FIP2, # TRCN0000144035). Briefly, the shRNA vector of interest along with two packaging

vectors (pMDG and pAX2, gift from P. Spearman, Emory University) were transfected into

HEK cells with Effectene (Qiagen) to produce virus (36). The next day the cells were

washed and refed. Virus was harvested after 48 hours, filtered, and immediately added to

HeLa cells along with fresh media and polybrene (5 μg/ml) for infection. After 24 hours,

cells were rinsed and re-fed with fresh media and puromycin at 1 μg/ml for selection.

Knockdown was confirmed by western blot with antibodies to FIP2.

Live cell imaging and particle tracking

HeLa cells were maintained in RPMI media with 10% fetal bovine serum. For microscopy,

cells were grown in 35-mm glass bottom Matek dishes for at least one day. Cells were then

transfected using Effectene (Qiagen) and 200ng of DNA for each construct used. HeLa cells

were transfected with mCherry-Rab11a in combination with either Venus-Rab11-FIP2 wild

type or Venus-Rab11-FIP2-SPGE for at least 16 hours. Cells were then imaged in a 37°C,

5% CO2 chamber using a Deltavision deconvolution microscope (Applied Precision). Single

plane, widefield images were collected at 100 × in the mCherry-Rab11a (TRITC) channel

every 2 seconds for 2 minutes at exposures of 0.3 to 0.5 seconds, which were sufficient to

achieve a 5 to 1 signal to noise ratio. Individual raw files were deconvolved using Applied

Precision Softworx deconvolution package. Imaris software particle tracking from Bitplane

was used to analyze track displacement length, track speed mean, and instantaneous track

speed. The Imaris program defines these parameters as follows: Track displacement length

is the distance between first and last position of each vesicle. Track speed mean is the

average of track speed. If the track has no merges or splits, then the average speed is given

by the track length divided by the time between first and last object in the track. Speed is the

instantaneous speed of the object. Particles were chosen with an average diameter of 0.4 μm

and a maximum distance between frames of 2 μm. A gap size of 2 was incorporated so that a

particle could leave the field for two frames, be detected by the software, and still be

incorporated into the track. The data were compiled manually using PRISM software to

calculate average values for each parameter. Data were analyzed using an ANOVA with

post hoc analysis with a Bonferroni correlation for pairwise comparisons. Data are reported

as the mean ± SEM. Distributions and Chi Square analyses were performed with PRISM

software. Chi Square analyses were performed across all four groups to calculate

significance. For bar graphs in Figure 7, bin centers along the X-axis denote the midpoints

of each grouping and Z-tests were calculated to show statistical significance across
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populations. Studies were repeated at least three times with the following numbers of cells

and vesicles for track displacement length and track speed mean: Venus-Rab11-FIP2

overexpression, 11 cells, 34,355 vesicles; Venus-Rab11-FIP2(S229P/G233E)

overexpression, 19 cells, 74,155 vesicles; Scrambled, 11 cells, 23,332 vesicles; Rab11-FIP2

knockdown, 16 cells, 32,082 vesicles; Rab11-FIP2 knockdown + Venus-Rab11-FIP2, 19

cells, 36,411 vesicles; Rab11-FIP2 knockdown + Rab11-FIP2(S229P/G233E), 30 cells,

61,562 vesicles. For instantaneous track speed, the number of events measured was 355,255

for Scrambled; 581,293 for Rab11-FIP2 knockdown; 617,791 for Rab11-FIP2 knockdown +

Venus-Rab11-FIP2; and 1,036,532 for Rab11-FIP2 knockdown + Venus-Rab11-

FIP2(S229P/G233E).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Yeast 2-hybrid assay of interactions of Rab11-FIP2 mutants with MYO5B tail
A) The pBD bait vectors were co-expressed in yeast with pAD-GAL MYO5B tail vectors

and cells were plated on dual drop out plates. The colony lifts were cracked in liquid

nitrogen and then incubated in X-gal to determine the presence of 2-hybrid interactions. The

results were considered positive if blue color developed within three hours. The results were

consistent over three separate assays. B) Quantitative β-gal liquid assays were performed on

Rab11-FIP2-BD wild type and mutant constructs against MYO5B-AD and Abs420 was

measured. Triplicate samples were done each time and three separate experiments were

performed. MYO5B-AD alone was used for background subtraction. All Abs420 were

averaged and plotted and ANOVA with Bonferroni were performed. FIP2(S229P) and

FIP2(SPGE) were significantly decreased from FIP2 and FIP2(129-356) (S229P) and

FIP2(129-356) (G233E) were significantly decreased from FIP2(129-356) (*p<0.001).
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Figure 2. Mutations in Rab11-FIP2(129-356) block interaction with MYO5B tail in vivo
HeLa cells were co-transfected with an mCherry chimera of MYO5B tail in combination

with EGFP-chimeras of Rab11-FIP2(129-356), Rab11-FIP2(129-356) (S229P) or Rab11-

FIP2(129-356) (G233P). Dual color overlays are shown at the right with EGFP in green and

mCherry in red.
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Figure 3. Pull in of full length Rab11-FIP2 by MYO5B tail is independent of mutations
HeLa cells were co-transfected with an mCherry chimera of MYO5B tail in combination

with Venus-chimeras of wild type (WT) Rab11-FIP2, Rab11-FIP2(S229P), Rab11-

FIP2(G233E) or Rab11-FIP2(S229P/G233E). Dual color overlays are shown at the right

with Venusin green and mCherry in red.
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Figure 4. Effects of Rab11-FIP2 expression on the distribution of endogenous MYO5B
MDCK cells were transfected with an Venus chimeras of A. wild type (WT) Rab11-FIP2, B.

Rab11-FIP2(S229P/G233E), C. Rab11-FIP2(129-512) or D. Rab11-FIP2(129-512) (S229P/

G233E) and then immunostained for endogenous MYO5B and endogenous Rab11a. Triple

color overlays are shown at the right with Venus in green and MYO5B immunostaining in

red with Rab11a immunostaining in blue. E. Quantitation of colocalization (Pearson's

coefficients) between expressed Venus-FIP2 constructs and endogenous MYO5B or Rab11a

is shown in E. *p<0.05; #p<0.01. Results are from at least 6 cells in 3 separate experiments.

Schafer et al. Page 18

Traffic. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Particle tracking data of Rab11a labeled particles in live HeLa cells
A) Time lapse, widefield movies of mCherry-Rab11a particles were collected using a

Deltavision deconvolution microscope. Images were taken every 2 seconds for 2 minutes

total. Track speed mean and track displacement length were calculated in at least 11 cells for

each condition. A) mCherry-Rab11a vesicle speed increased significantly from 0.27 ± 0.001

μm/s in cells expressing wild type Rab11-FIP2 to 0.34 ± 0.001 μm/sin the presence of the

Rab11-FIP2(S229P/G233E). Rab11a track displacement length increased significantly from

5.50 ± 0.04 μm to 6.57 ± 0.03 μm in wild type-expressing cells vs. Rab11-FIP2 mutant cells.

B) mCherry-Rab11a vesicle speed increased significantly from 0.28 ± 0.001_μm/s in

scrambled control to 0.33 ± 0.001 μm/s Rab11-FIP2 knockdown cells. For rescue, mCherry-

Rab11a vesicle speed decreased from 0.33 ± 0.001 μm/s in Rab11-FIP2 knockdown cells to

0.27 ± 0.001_μm/s in Rab11-FIP2 knockdown cells plus Venus-Rab11-FIP2 wild type.

Vesicle speed increased from 0.27 ± 0.001 μm/s in Rab11-FIP2 knockdown plus wild type

to 0.31 ± 0.001 μm/s in knockdown plus Rab11-FIP2(S229P/G233E) mutant. mCherry-

Rab11a track displacement length increased significantly from 4.63 ± 0.036 μm in

scrambled control to 6.42 ± 0.039 μm in Rab11-FIP2 knockdown cells. mCherry-Rab11a

displacement significantly decreased from 6.42 ± 0.039 μm in Rab11-FIP2 knockdown plus

Venus-Rab11-FIP2 wild type to 4.56 ± 0.029 mm in Rab11-FIP2 knockdown alone. Track

displacement length in Rab11-FIP2 knockdown plus Venus-Rab11-FIP2(S229P/G233E)
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was significantly increased from 4.56 ± 0.029 mm to 5.58 ± 0.026 μm in Rab11-FIP2

knockdown plus Venus-Rab11-FIP2. Results are presented as the mean ± SEM. * p<0.001
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Figure 6. Particle tracking distribution of Rab11a labeled vesicle speed and distance in live HeLa
cells
mCherry-Rab11a vesicles were tracked by Imaris software in Figure 6 and data was graphed

as distributions. X axis labels in B,D, and F denote Bin Centers which are the midpoints of

each category. A) Track displacement length was distributed over 0-55 μm and grouped into

5 μm bins. Chi square analysis was done over the four groups (Scrambled control, Rab11-

FIP2 knockdown, Rab11-FIP2 knockdown + Venus-Rab11-FIP2, Rab11-FIP2 knockdown +

Venus-Rab11-FIP2(S229P/G233E)) with p<0.0001 across all groups. B) Track displacement

length bar graph of mCherry-Rab11a vesicles moving 5 μm distance or less in each of the 4

conditions. Z-test for statistical significance between populations was calculated and * =

p<0.001. C) Track speed mean was distributed over 0-1.3 μm/sec and grouped into 0.05

μm/sec bins. Chi square analysis was done over the four groups (Scrambled control, Rab11-

FIP2 knockdown, Rab11-FIP2 knockdown + Venus-Rab11-FIP2, Rab11-FIP2 knockdown +

Venus-Rab11-FIP2(S229P/G233E)) with p<0.0001 across all groups. D) Track speed mean

bar graph of mCherry-Rab11a vesicles moving 0.25 μm/sec speed or less in each of the 4

conditions. Z-test for statistical significance between populations was calculated and * =

p<0.001. E) Vesicle speed (instantaneous) was distributed over 0-2.78 μm/sec and grouped

into 0.05 μm/sec bins. Chi square analysis was done over the four groups (Scrambled

control, Rab11-FIP2 knockdown, Rab11-FIP2 knockdown + Venus-Rab11-FIP2, Rab11-
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FIP2 knockdown + Venus-Rab11-FIP2(S229P/G233E)) with p<0.0001 across all groups. F)

Vesicle speed (instantaneous) bar graph of mCherry-Rab11a vesicles moving 0.05μm/sec

speed or less in each of the 4 conditions. Z-test for statistical significance between

populations was calculated and * = p<0.001.
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Figure 7. Non-motile vesicle populations are distributed randomly throughout the cell
mCherry-Rab11a vesicles were tracked by Imaris software for vesicle speed and displayed

across the cell. The vesicles were color-coded for speed with blue being the slowest and red

being the fastest. Each image is representative of at least 3 cells.
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