
FUNCTIONAL DETERMINANTS OF RAS INTERFERENCE 1
MUTANTS REQUIRED FOR THEIR INHBITORY ACTIVITY ON
ENDOCYTOSIS

Adriana Galvis, Hugo Giambini, Zoilmar Villasana, and M. Alejandro Barbieri§
Department of Biological Sciences, Florida International University Miami, FL 33199

Abstract
In this study, we initiated experiments to address the structure-function relationship of Rin1. A
total of ten substitute mutations were created, and their effects on Rin1 function were examined.
Of the ten mutants, four of them (P541A, E574A, Y577F, T580A) were defective in Rab5
binding, while two other Rin1 mutants (D537A, Y561F) partially interacted with Rab5. Mutations
in several other residues (Y506F, Y523F, T572A, Y578F) resulted in partial loss of Rab5
function. Biochemical studies showed that six of them (D537A, P541A, Y561F, E574A, Y577F,
T580A) were unable to activate Rab5 in an in vitro assay.

In addition, Rin1: D537A and Rin1: Y561F mutants showed dominant inhibition of Rab5
function. Consistent with the biochemical studies, we observed that these two Rin1 mutants have
lost their ability to stimulate the endocytosis of EGF, form enlarged Rab5-positive endosomes, or
support in vitro endosome fusion. Based on these data, our results showed that mutations in the
Vps9 domain of Rin1 lead to a loss-of-function phenotype, indicating a specific structure-function
relationship between Rab5 and Rin1.

INTRODUCTION
The EGF-receptor plays a central role in cell proliferation, differentiation, survival and
migration. As such it has served as a prototype in growth factor receptor trafficking [1, 2].
Following activation, the tyrosine phosphorylated EGF-receptor is rapidly internalized from
the cell surface to early endosomes, then transported to lysosomes for degradation. This
process is generally known as “receptor down- regulation” and is also considered to be an
important cellular strategy for signal attenuation [3–6]. Thus, the phosphotyrosine residues
on the tail of the EGF-receptor mediate the recruitment of several effectors [7–15], including
Ras interference 1 (Rin1) [16].

Rin1 was originally identified as a Ras effector protein [17] and found to contain several
functional domains: SH2 and proline-rich (PR) domains in the N-terminal region, and the
Ras association (RA) domains in the C-terminal region [18]. In addition, it has been shown
that Rin1 has an additional domain that exhibits Rab5-guanine nucleotide exchange factor
(GEF) activity and is known as the Vps9 catalytic domain [19]. Rin1 has been shown to
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interact with 14-3-3, Bcr-Abl and STAM proteins [20–22], which in turn may regulate the
sub-cellular localization and function of Rin1. Thus, the interaction of Rin1 with 14-3-3
seems to affect the ability of Raf to bind Rin1. Rin1 also interacts, through the proline-rich
domain, with Abl and STAM proteins. The interaction of Rin1 with Abl tyrosine kinase has
been suggested to mediate actin cytoskeleton remodeling associated with cell migration
[23]. The interaction of Rin1 with STAM proteins may regulate EGF-receptor degradation
[22].

Previous work suggested that Rin1 was a guanine-nucleotide exchange factor for the small
GTPase Rab5 [19]. Overexpression of Rab5 was shown to stimulate EGF-mediated
endocytosis [24] and its Vps9 activity was shown to be potentiated by a GTP-bound form of
Ras [19]. The Rin family now has at least four members, all of which have an active Rab5
Vps9 domain [25]. Subsequent work showed that Rin1 was targeted to the EGF- and insulin-
receptors via its SH2 domain [19, 26].

Interestingly, the putative Vps9 catalytic domain of Rin1 is found in the N-terminal of the
Ras association domain. The Vps9 domain mediates an association with the Rab5 protein in
a nucleotide- dependent manner [19]. This Vps9 domain has been identified in several
proteins, including Rabex-5, ALS2, RAP6/RME6/Gapex-5, and VARP, in addition to the
Rin family [27–32]. RME6 was originally described in C. elegans [29]. The mammalian
ortholog was initially identified by Hunker [30] and called RAP6; a mouse ortholog of
RME6 has also been identified, and shows affinity for Rab31 and Rab5 [31]. The VARP
proteins also contain a Vps9 domain, but show greater affinity for Rab21 than for Rab5 [32].
Rin1 knockout mice show inhibited neuronal plasticity in aversive memory formation [33].
However, Rabex-5-deficient mice developed severe skin inflammation, and the ALS gene
has been identified in individuals with an autosomal recessive juvenile-onset syndrome
related to ALS [34].

Recent studies have described the three-dimensional structure of Rabex-5 [35] as an
approximately 60-kDa protein containing Vps9 domain and other domains for interaction
with its regulators and effectors [36–40]. On one hand, its effector Rabaptin-5, forms a
complex with Rabex-5 and increases its weak exchange activity [37]. On the other hand,
Rabex-5 contains two distinct ubiquitin-binding sites which are important in interaction with
ubiquitinated EGF-receptor [40]. Interestingly, these two cytosolic factors (i.e., Rabex-5 and
Rin1) are recruited onto the activated EGF-receptor tail via two different mechanisms:
Rabex-5 require ubiquitination [40], while Rin1 require tyrosine phosphorylation of the
EGF-receptor [16]. Thus, both Vps9 containing proteins are likely to associate with the early
endosomes and the plasma membrane. Accumulating evidence suggests that Rin1 is
involved in the early steps of vesicle transport from the plasma membrane to endosomes [16,
19], although the exact mechanism by which Rin1 regulates this process has not been
established.

In this study, we have investigated the structural features of Rin1 that are necessary for its
function. Several point mutants were created in the Vps9 domain of Rin1, and the effects on
its biological activity were examined using several in vitro and in vivo assays. The results
suggest a structure-function relationship of Rin1 and also indicate the structural features that
are required for the inhibitory effect of these mutants.

MATERIAL AND METHODS
Reagents

[125I] Epidermal growth factor (EGF) was purchased from Amersham Biosciences (New
Jersey, NJ). Dako fluorescent mounting medium was purchased from Dako Corporation
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(Copenhagen, Denmark). FuGENE6 was purchased from Roche Molecular Biochemicals
(Indianapolis, IN). Monoclonal anti-HisG and anti-GST polyclonal antibodies were
purchased from Invitrogen (Carlsbad, CA). Mouse monoclonal and polyclonal anti-Rab5
and anti-Rin1 antibodies were purchased from BD Biosciences and from Novus Biological.
Paraformaldehyde was purchase from Electron Microscopy Sciences. All secondary
antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
All other reagents were from Sigma unless otherwise noted.

Construction of recombinant retroviruses and stable cell lines expressing Rin1 constructs
Rin1: wild type, and Rin1 constructs were subcloned into EcoRI restriction sites of the
pMX-puro vector as described [19]. Amino acid substitutions in Rin1 (i.e. Rin1: Y506F,
Rin1: Y523F, Rin1: D537A, Rin1: P541A, Rin1: Y561F, Rin1: T572A, Rin1: E574A, Rin1:
Y577F, Rin1: Y578F, Rin1: T580A) were made with the QuickChange mutagenesis kit
(Stratagene, La Jolla, CA). To make stable cell lines, each expressing a Rin1 construct, Plat-
E packaging cells were cultured in Dulbecco medium containing 10% feta bovine serum and
transfected as described [19, 41]. Rab5 (wild type and S34N) and Rin1 constructs (Rin1:
SH2, Rin1: Vps9-RA) were also sub-cloned into the pGEX-2T and pB42AD vector as
described [19].

Protein Purification
His-Rab5 (wild type and S34N) proteins were expressed in M15 pREP4 E. coli (Novagen,
Inc) and His-Rin1: wild type and its mutants were expressed in NR6 cells [20]. Recombinant
His-tagged proteins were purified from either E. coli or NR6 cells using Ni2+-NTA-agarose
according to the manufacturer’s protocol (Qiagen, Inc.) Protein concentrations were
determined by Bio-Rad protein assay, and verified by band intensities on SDS-PAGE gels
stained with Coomassie Blue. Recombinant proteins were expressed in large quantity as
glutathione S-transferase (GST) fusion proteins in the E. coli strain (DE3) according to the
manufacturer’s protocol (Thermo Scientific). The fusion proteins were affinity purified and
used in vitro pull-down, exchange activity and endosome fusion assays.

Yeast Two-Hybrid assay
Two-hybrid LexA DNA binding domain (LexA-BD) and B42 transcription activation
domain (B42AD) fusion constructs were prepared by ligating cDNAs for different proteins
or protein fragments into the pLexA (His) and pB42AD (Trp) plasmids, respectively
(Clontech, Palo Alto, CA). Mating and transformation of Yeast-EGY48 cells were done as
described in the MATCHMAKER two-hybrid manual (Clontech). The Rin1 constructs were
expressed as pB42AD fusion constructs whereas Rab5: S34N mutant was expressed as
pLexA fusion constructs. Yeast-EGY48 co-transformants were plated on medium without
His (H), Trp (W), Leu (L) or Ura (U) (-HWUL) to detect LacZ reporter gene activation due
to interaction of constructs and on medium without His, Trp, or Ura (-HWU) as a control for
loading and growth on galactose containing medium. All Rin1 and Rab5 constructs were
detected by Western blot analysis. For liquid β-galactosidase (β-gal) assays, yeast was
grown on appropriate selective media and assayed as described in the yeast β-gal assay
manual (Pierce). Results are expressed in Units: one unit of β-gal was defined as 1000
xOD420/[time × vol xOD660].

Ligand internalization
For EGF uptake, cells expressing Rin1, Rin1 mutants or GFP (control) were serum-starved
for 16 h. Cells were then incubated at 4°C for 2h with 100 pM [125I]-EGF (750 Ci/mmol),
washed with ice-cold Ringer buffer and warmed for 6 min. At incubation, unbound ligand
was removed by washing the monolayer 3 times with ice-cold Ringer buffer. Surface-bound
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and internalized ligands were measured as described [24]. For HRP uptake, cells expressing
different constructs were washed three times with serum-free Dulbecco’s Modified Eagle
medium (DMEM). HRP uptake was then initiated by addition of 1 ml of DMEM containing
2 mg/ml HRP (Sigma) and 0.2% bovine serum albumin (BSA) for 30 min at 37°C. For
EGF-stimulated HRP uptake, cells were processed as described above, except that HRP
uptake was carried out in the absence or presence of 100 ng/ml EGF. The uptake was
conducted at 37°C for the indicated time in Figure 4. After uptake, the cells were washed,
scraped and resuspended in 1 ml of PBS. The dishes were rinsed once with PBS, and the cell
suspensions were pooled. Cells were centrifuged, and washed twice by resuspension in 0.5
ml of PBS. Each cell pellet was lysed in 500 ml of PBS containing 0.75% Triton X-100 and
assayed for HRP activity as described [24].

GST-Pull-down Assay
For in vitro studies, fusion proteins were expressed and purified as indicated above. Ten μg
of immobilized GST or GST-Rab5: S34N to glutathione-Sepharose beads were incubated
with different amounts of His-Rin1 proteins for 1h at 4°C in binding buffer containing 20
mM Tris-Cl, pH 7.4, 50 mM NaCl, 2 mM EDTA, 5 mM MgCl2, 5% glycerol and 0.01%
Triton X-100. After incubation, the beads were washed three times by centrifugation and
bound proteins were eluted by the addition of SDS sample buffer. Solubilized proteins were
separated by SDS-PAGE, transferred to nitrocellulose filters, and probed with specific
antibodies.

Guanine Nucleotide Exchange Assays
Exchange kinetics were measured by monitoring the quenching of fluorescence after release
of the nucleotide analog 2′-(3′)-bis-O-(N-methylanthraniloyl)-guanosine 5′-diphosphate
(mant-GDP) [42]. The exchange reaction was started by using 0.01–1.0 μM of purified Rin1
proteins in 50 mM Tris (pH 8.0), 37 mM NaCl and 2 mM MgCl2 in the presence of 100
pmol Rab5-mant-GDP. Samples were excited at 360 nm and the emission monitored at 440
nm. Data were collected using a multimode microplate spectrophotometer (Tecan).

Lysate preparation, SDS-PAGE and Western blotting
To prepare whole cell lysates, cell monolayers were washed with phosphate buffer saline
and lysed in ice-cold lysis buffer containing protease inhibitor cocktail (EDTA-free, Roche).
The lysates were clarified by centrifugation, and protein concentrations were determined by
Bio-Rad protein assay. Proteins were resolved by SDS-PAGE and transferred to
nitrocellulose membranes, blocked and probed with the indicated antibodies. To determine
relative protein amounts, four representative exposures for each sample were quantitated by
densitometry analysis.

Immunoprecipitation
Cells were lysed in ice-cold lysis buffer containing protease inhibitor cocktail (EDTA-free,
Roche) and then used for immunoprecipitation reactions. After clarification, protein
concentrations were measured and 1.0 mg/ml extracts were immunoprecipitated by
incubation with the appropriate antibody, followed by immobilization on Protein G-
Sepharose beads (Sigma). Beads were resuspended in sample buffer and analyzed by SDS-
PAGE, and Western blotted with the indicated antibodies.

Immunofluorescence
Cells stably transfected with Rin1 constructs were seeded onto glass coverslips. The cells
were then washed with ice-cold Ringer buffer and then fixed for 20 min in Ringer buffer
containing 4% (v/v) paraformaldehyde. The cells were washed and mounted onto slides with
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Fluorescent Mounting Medium (DakoCytomation, CA). The cells were examined with a
Leica TCS SP2 laser scanning confocal unit attached to an upright fluorescence microscope
(Leica DM RXE) with a 63x, 1.4 plan Apochromat objective (Leica) by using the
appropriate filter for GFP and RFP fluorochromes. Images were merged and aligned using
Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA, USA).

In vitro endosome fusion assay
Early endosome loaded with dinitrophenol-derivatized beta- glucuronidase or mannosylated
anti-dinitrophenol IgG by 5 min uptake at 37°C in the macrophage cell line J774E [43].
Cells were washed and resuspended in 2 ml of homogenization buffer (250 mM sucrose, 0.5
mM EGTA, 20 mm Hepes-KOH pH7.0). The cells were homogenized and the homogenates
were centrifuged at 800 × g for 5 min as described [43]. The supernatants were centrifuged
at 37,000 × g for 1 min, following by another centrifugation at 50,000 × g for 5 min. The
pellets, enriched in early endosomes, were resuspended in homogenization buffer
supplemented with 1 mM dithiothreitol, 1.5 mM MgCl2, 50 μg/ml dinitrophenol-BSA, 50
mM KCl containing Sephadex G25-filtered cytosol, ATP regenerated system and purified
recombinant proteins (His-Rab5 and His-Rin1 constructs). Fusion reactions were conducted
at 37°C for 45 min and quantified by the β-glucuronidase activity in the immunocomplex
[43]. His-tagged Rin1: wild type and mutants were expressed using pMX retrovirus system
in NR6 cells as described early [19]. His-tagged Rin1 proteins were then purified from NR6
cell lysates on 1 ml of Hi-trap Ni2+-Agarose columns (Pharmacia) according to the
instruction of the manufacturer. Purified recombinant proteins (Rin1, Rab5, REP-1) from
mammalian NR6 and SF9 baculorirus-infected cells were then used fresh for fusion or
stored frozen in liquid nitrogen for later use. The complexes of Rab5 proteins with REP-1
were prepared as previously described [45, 52] and then added to the fusion assay.

Image analysis
Fluorescent images of Rab5-positive endosomes were digitized by using Leica TCS
software and projection images from a series of 15 focal planes were created in cells co-
expressing both Rin1 and Rab5 constructs as described in Figure 5. Size of the endosomes
was analyzed with the NIH Image software which can be accessed on the website
(http://rsb.info.nih.gov/nih-image/).

Statistical analysis
All experiments presented were repeated a minimum of three times. The data represent the
mean ± SD. Student’s t test was performed to calculate statistical significance.

RESULTS
Analysis of the interaction between Rab5 and Rin1 constructs

In order to investigate the structure- function relationship of the Vps9 domain of Rin1, it
was necessary to use several functional in vitro and in vivo assays. The most noticeable
characteristic of all Vps9 sequences is the presence of several conserved residues [25].
Mutations in these residues dramatically influence the GEF activity of Rabex-5 [35].
Corresponding mutations in other Vps9 domain are expected to have similar effects on their
biochemical functions. We have used oligonucleotide-directed mutagenesis on several
residues to introduce ten mutations into the Vps9 catalytic domain of Rin1. The residue
substitutions used in this study were: Y506F, Y523F, D537A, P541A, Y561F, T572A,
E574A, Y577F, Y578F, T580A (Figure 1A). It is important to notice that Asp 537, Pro 541
and Glu 574 are conserved among several Vps9 containing proteins (Figure 1A). However,
the amino acid residue corresponding to Pro 541 is Ser 314 in VARP proteins. Also, the
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amino acid residues corresponding to Tyr 561 and Tyr 577 in the sequence of Alsin proteins
are Leu 1224 and Ile 1640, respectively (Figure 1A). The amino acid residues corresponding
to Thr 572 and Tyr 578 are not present in all the Vps9 containing proteins, except in
Rabex-5 proteins where the amino acid residues corresponding to Thr 572 and Tyr 578 are
Thr 349 and Tyr 355, respectively. Finally, the amino acid Thr 580 is conserved in the Vps9
containing proteins shown in Figure 1A, except in RAP6, in which the amino acid residue
corresponding to Thr 580 is Met 580.

The yeast two-hybrid system was initially used to determine whether the Rin1-Rab5
interaction was mediated by specific sequences in the Vps9 domain of Rin1. As expected,
Rin1: wild type prey fusion protein interacted with Rab5: S34N bait fusion protein, a Rab5
GTP-defective mutant protein. A deletion mutant of Rin1 two-hybrid prey (i.e., Rin1: Vps9-
RA deletion mutant) strongly interacted with Rab5. However, other deletion mutant of Rin1
two-hybrid prey (i.e., Rin1: SH2-PR) did not interact with Rab5 (Figure 1B). Furthermore,
mutation of four residues (Pro 541, Glu 574, Tyr 577 and Thr 580) severely impaired Rin1-
Rab5 interaction. In addition, mutation of two residues (Asp 537 and Tyr 561) also resulted
in significant defect, whereas mutations of other residues including Tyr 506, Tyr 523, Tyr
578, and Thr 572 had moderate, but not statistically significant effect (Figure 1B).

We then characterized the interaction of Rab5 with Rin1 mutants by using a pull-down in
vitro assay. First, we investigated the structural instability of the protein mutants. One
indication of structural instability introduced by the loss or substitution of residues important
for folding is a large decrease in soluble polypeptide upon expression in cells. The level of
soluble expression of each Rin1 mutant was measured by growing small volumes of
transformed E. coli under identical conditions, followed by purification of the tagged fusion
protein on appropriate beads. The results of one experiment are shown in Figure 2A.
Compared with Rin1: wild type, five Rin1 mutants (D537A, P541A, Y561F, T572A, and
E574A) showed the same level of expression and were considered structurally stable. Two
mutants (Y577A, and T580A) were expressed about ~0.87-fold less than Rin1: wild type,
suggesting a minor effect on protein stability. Similar results were observed when the
expression of GST-Rab5 protein was analyzed in E. coli by SDS-PAGE analysis (Figure
2A). We also found that the expression levels of GST- Rin1 mutants were similar to the
expression level of Rin1: wild type in E. coli (data not shown). Taken together, these results
indicate that the fusion proteins were expressed in a soluble form at wild-type levels and
were well behaved.

Second, we investigated the ability of Rin1 mutants to interact with Rab5 proteins in an in
vitro pull- down assay. GST-Rab5: S34N protein was bound to glutathione-Sepharose beads.
Then, the beads containing Rab5: S34N proteins were incubated with different
concentrations of Rin1: wild type for 1 hat 4°C. After the incubation, the beads were
washed, and the presence of Rin1 bound to Rab5 was visualized with SDS-PAGE followed
by Western blotting analysis with anti-Rin1 antibodies. We observed that Rin1: wild type
interacted with Rab5: S34N mutant in a concentration dependent manner (Figure 2B). As
expected, Rin1: wild type did not interact with GST alone (Figure 2B). These results
indicated that Rin1: wild type specifically interacts with Rab5: S34N mutant, which is
consistent with previously published data [19]. Quantification analysis showed that two
Rin1 mutants (Y577F and T580A) severely inhibited the interaction with Rab5. However,
Rin1: Y561F mutant was shown to only partially affect the interaction with Rab5 whereas
Rin1: T572A mutant showed a moderate but not statistically significant inhibitory effect
according to quantitative analysis (Figure 2C). In addition, we observed that Rin1: Y577F,
Rin1: T580A (Figure 2C), Rin1: P541A and Rin1: E574A mutants failed to interact with
Rab5 (data not shown). These observations were further confirmed when Rin1 was
immunoprecipitated from cells co-expressing both Rab5 and Rin1 constructs (Figure 2D).
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Specifically, we observed that Rin1: wild type, but not Rin1: T580A mutant, co-
immunoprecipitated with Rab5: S34N protein. Rin1: Y561F mutant appeared to partially
interact with Rab5: S34N mutant (Figure 2D). Collectively, these results suggest that several
key amino acids of Rin1 are critical for its interaction with Rab5.

Analysis of the GEF activity of Rin1
To identify key residues in the Vps9 domain of Rin1 that are required for the release of GDP
from Rab5, we used an established quantitative approach for measuring the kinetics of the
release of fluorescent mant-GDP from Rab5 [42, 44]. In our experiments, Rab5: wild type
loaded with mant-GDP was incubated with different amount of Rin1 as described in
Material and Methods. Then, the GEF activity profile of several Rin1 mutants was compared
with that of Rin1: wild type proteins. The fusion-proteins were purified to >85%
homogeneity as determined by SDS-PAGE and, more importantly, all of the Rin1 mutant
proteins were expressed in a soluble form at Rin1: wild type levels.

In Figure 3, we show the ability of Rin1: wild type and its mutants to catalyze the release of
mant-GDP from Rab5. First, under our experimental conditions, we observed a
concentration dependent release of mant-GDP from Rab5 (Figure 3A). Furthermore, the
addition of 6 mM EDTA, which reduces the free Mg2+ concentration, greatly stimulates the
rate of nucleotide release, indicating that the absence of detectable activity was not due to an
inability to release mant-GDP, but instead reflected the high specificity of Rin1 proteins
(Figure 3A).

Second, we observed a selective effect of Rin1 mutants on the release of mant-GDP from
Rab5. Mutation of four residues (Asp 537, Tyr 561, Tyr 577 and Thr 580) severely impaired
catalytic efficiency (Figures 3B). Moreover, mutation of two more residues showed a strong
deleterious effect on the catalytic activity of Rin1 (i.e., Rin1: P541A and Rin1: E574A
mutants) (data not shown). However, mutation on residue Thr 572 resulted in no significant
defects (Figures 3B), whereas mutation of other residues had minimal effect (Tyr 506, Tyr
523, and Tyr 578) (data not shown). Collectively, these inhibitory effects suggest that
several key amino acids are critical in Rin1’s GEF activity for Rab5.

Rin1 mutants selectively regulate the endocytosis of EGF
To further investigate the structure-function relationship of Rin1, we decided to investigate
the role of these Rin1 mutants on the internalization of several ligands. Based on earlier
work that showed that overexpression of Rin1 in cultured NR6 fibroblasts and HepG2 cells
stimulated the internalization of EGF [19] and insulin [26] as well as the uptake of fluid
phase marker (i.e., HRP) [26], we were able to confirm this biological activity of Rin1 by
expressing several Rin1 mutants in mammalian cells by using a pMX-retrovirus expression
system [19]. This experiment demonstrated the specificity and feasibility of a functional
assay for Rin1 and its mutants (Figure 4).

First, to determine whether Rin1 mutants affected EGF receptor-mediated endocytosis, we
examined the uptake of EGF in NR6 cells expressing various Rin1 mutants. Our results
indicate that Rin1 constructs were expressed on approximately the same level and Rin1 was
3.4-fold over-expressed in retrovirus-infected NR6 cells (Figure 4). Cells were treated
with 125I-EGF, washed, incubated at 37°C for 6 min, and the amount of internalized 125I-
EGF was determined as described in Material and Methods. Overexpression of Rin1: wild
type stimulated the uptake of EGF in a time dependent manner (data not shown), whereas
the expression of Rin1 mutants failed to stimulate the internalization of EGF (Figure 4A).
Specifically, we found that the expression of Rin1: wild type stimulated the internalization
of EGF (Rin1: wild type=16.1± 2.6 EGF-uptake) as compared with the uptake of EGF in
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GFP-control cells (GFP=7.95± 1.9 EGF-uptake) Furthermore, the expression of the Rin1:
T572A mutant stimulated the uptake of EGF similar to Rin1: wild type (Rin1: T572A=13.4±
1.6 EGF-uptake, Figure 4A). Interestingly, we observed that the expression of Rin1: Y561F,
Rin1: T580A and Rin1: D537A mutants showed a significant decrease in the internalization
of EGF. However, we found that both Rin1: D537A and Rin1: Y561F mutants were more
potent inhibitors of the uptake of EGF than Rin1: T580A mutant (Figure 4A, compare the
uptake of Rin1: T580A [8.1± 2 EGF-uptake] with the uptake of Rin1: D357A [4± 0.1 EGF-
uptake] and Rin1: Y561F mutants [4.1± 1.2 EGF-uptake]). Although these three Rin1
mutants failed to activate Rab5, Rin1: D537A and Rin1: Y561F mutants partially interacted
with Rab5. In contrast, Rin1: T580A failed to interact with Rab5. Thus, it is possible to
speculate that the strong inhibitory effect observed with Rin1: D537A and Rin1: Y561F
mutants on the uptake of EGF can be attributed, at least in part, to a partial interaction of
these two mutants with Rab5.

Second, we also examined the effect of Rin1 mutants on HRP accumulation in NR6 cells
(Figure 4B). Upon expression of Rin1: wild type, the uptake of HRP was increased by
approximately 2.1-fold. The expression of Rin1: T572A mutant also stimulated HRP uptake
approximately 1.73-fold higher than control cells. In contrast, the expression of Rin1:
D537A, Rin1: T580A and Rin1: Y561F mutants showed a significant inhibition of HRP
uptake as compared with control cells (Figure 4B). Interestingly, we also observed that
Rin1: D537A and Rin1: Y561F mutants significantly inhibited the HRP uptake as compared
with the uptake of Rin1: wild type and Rin1: T580A mutant.

Finally, we investigated the effect of Rin1 mutants on fluid phase endocytosis stimulated by
EGF. NR6 cells were incubated with 2 mg/ml of HRP in either the absence or presence of
100 ng/ml EGF for different times (Figure 4C). After each incubation, the HRP activity was
measured in control and EGF- stimulated cells. As expected, the expression of Rin1: wild
type significantly increased the uptake of HRP either in the absence or presence of EGF with
respect to control cells. However, when the effect of Rin1: D537A was examined in this
assay, we observed a significant inhibition of HRP uptake after the addition of EGF (Figure
4C). Collectively, these observations suggest that Rin1: D537A and Rin1: Y561F mutants
selectively inhibited both receptor and fluid phase endocytosis.

Expression of Rin1 mutants inhibited the enlargement of Rab5-positve endosomes
Previous studies have shown that expression of Rab5: Q79L, a GTPase defective mutant,
activated endocytosis and induced the formation of enlarged endosomes in intact cells [45,
46]. It has also been shown that either the addition of EGF to cells expressing Rab5: wild
type or the co-expression of Rin1 and Rab5 wild type proteins induced the formation of
enlarged Rab5-positive endosomes [19, 24]. Interestingly, the sizes of the enlarged Rab5-
positive endosomes were similar to those endosomes observed when activated Rab5: Q79L
was expressed [19]. Based on these observations, we then examined the effect of the
expression of Rin1 mutants on the formation of enlarged Rab5-positive endosomes in intact
cells. Cells expressing Rin1: wild type and its mutants were transfected with Rab5: wild
type. After transfection, the cells were fixed and prepared for confocal microscopy.
Endosome morphology was examined as described in Material and Methods.

When control cells were transfected with Rab5: wild type alone, we observed a typical
punctuate distribution of Rab5 in the cytosol of the cells, which was consistent with
previously reported data [46]. In contrast, Rab5-positive endosomes were significantly
enlarged in cells co-expressing both Rin1 and Rab5 wild type proteins (Figures 5A).
Interestingly, the size of the enlarged Rab5-positve endosomes observed in the later
experimental conditions (i.e., cells co-expressing both Rin1 and Rab5 proteins) was
comparable to the enlarged Rab5-positive endosomes found in cells expressing the Rab5:
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Q79L mutant alone. These results suggest that the presence of Rin1: wild type induced the
formation of enlarged Rab5- positive endosomes (i.e., fusion between endosomes), which is
consistent with previously published data [19]. Therefore, we next examined the effects of
several Rin1 mutants on the formation of enlarged Rab5- positive endosomes. Specifically,
we found that the expression of Rin1: Y561F and Rin1: T580A mutants was unable to
induce enlarged Rab5-positive endosomes (Figure 5A), which is consistent with the fact that
these two mutants were unable to activate Rab5 (Figure 3B). Moreover, when Rab5: wild
type was co-expressed with Rin1: T572A, a typical punctuate of endosomal distribution with
a significant increased size of Rab5-positive endosomes was observed (Figure 5A). These
results are not surprising since the Rin1: T572A mutant showed a GEF activity similar to
Rin1: wild type (Figure 3B).

In addition, we found that Rab5 co-localized with Rin1: wild type on enlarged endosomes.
However, Rin1: Y561F mutant partially co-localized with Rab5: wild type on endosomes.
Specifically, we found that Rin1: Y561F partially co-localized on smaller Rab5-positive
endosomes rather than enlarged Rab5- positive endosomes induced by the co-expression of
Rin1 and Rab5 wild type proteins (Figure 5B). In addition, these two Rin1 mutants (i.e.,
Rin1: Y561F and Rin1: T580A) showed a more diffuse pattern throughout the cells (Figure
5A, B). Collectively, these results suggest that specific residues of the Vps9 domain of Rin1
regulate the formation of enlarged Rab5-positve endosomes.

To confirm and quantify our morphological observations, we then determined the size of
enlarged Rab5-positive endosomes in the presence of Rin1 constructs. To examine how the
expression of Rin1 mutants affected the formation of enlarged Rab5-positive endosomes,
cells were co-transfected with Rab5: wild type and several Rin1 mutants. After the
transfection, the cells were processed for confocal microscopy as described in Material and
Methods. Rab5-positive endosomes were identified with confocal immunofuorescence
microscopy and the digitized projection images of endosomes were analyzed using the NIH
Image program. As shown in Figure 5C, the expression of Rab5: wild type alone created
endosomes with a mean diameter of 0.22±0.02 μm, while the expression of GFP-Rab5:
Q79L showed endosomes with a mean diameter of 0.89±0.15 μm. These results were
consistent with previously reported data [46].

In Figure 5C, we found that cells co-expressing Rab5 and Rin1 wild type proteins showed
endosomes with a mean diameter of 0.80±0.16 μm. Similar results were also observed when
the Rin1: T572A mutant was co-expressed with Rab5: wild type (0.725±0.11 μm). In
contrast, the expression of Rin1: T580A and Rin1: Y561F did not induce formation of
enlarged Rab5-positive endosomses [i.e., Rin1: T580A (0.189 ± 0.01 μm) and Rin1: Y561F
(0.145±0.01 μm)]. Other Rin1 mutants also showed a significant reduction in the diameter of
Rab5-positive endosomes [i.e., Rin1: D537A (0.142±0.01 μm), Rin1: P541A (0.195±0.02
μm), Rin1: T574A (0.192±0.01 μm), Rin1: Y577F (0.195±0.01 μm)], which is consistent
with the inability of these residues to activate Rab5. Collectively, these morphological
observations suggest that several key residues in the Vps9 domain of Rin1 were required to
induce enlarged Rab5-positive endosomes, which have also been shown to be critical in
Rin1’s GEF for Rab5.

Effect of Rin1 mutants on endosome fusion in vitro
Based on previous data, in which Rab5 played a key role in regulating fusion between
endosomes [47], is activated by Rin1 [19], and the results reported here, we investigated the
role of Rin1 mutants on the in vitro endosome fusion reaction. The in vitro endosome fusion
assay was conducted as described in Material and Methods. Early endosome and cytosol
preparations were incubated under fusogenic conditions in the presence of different amounts
of Rin1 constructs. We found that the addition of purified Rin1: wild type and Rin1: T572A
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mutant significantly stimulated endosome fusion in a concentration-dependent manner with
respect to control (Figure 6A). However, the addition of purified Rin1: T580A and Rin1:
P541A mutants failed to stimulate the fusion reaction. Also, we observed that the addition of
purified Rin1: D537A and Rin1: Y561A strongly inhibited endosome fusion as compared to
control and Rin1: wild type. In addition, we also found that both Rin1: D537A and Rin1:
Y561F mutants significantly inhibited the fusion reaction as compared to control, Rin1:
P541A and Rin1: T580A mutants (Figure 6A). Thus, our results confirm the role of Rin1 in
the fusion reaction and also suggest that specific residues of Rin1 were required to regulate
the endosome fusion in vitro.

Because the expression of different Rin1 mutants altered the formation of enlarged Rab5-
positive endosomes (Figure 5C), affected the endosome fusion (Figure 6A), and Rab5 was
shown to be a regulator of early endosome fusion [47], our data suggest that specific
residues of Rin1 were involved in the fusion reaction. To confirm this contention, we
examined the requirement of Rab5 in the endosome fusion reaction regulated by Rin1. As
expected, when Rin1: wild type was supplemented with an equimolar ratio of Rab5: wild
type (i.e., 1:1 molar ratio of Rab5 to Rin1), we observed a significant stimulation of the
endosome fusion reaction as compared to either control, Rin1: wild type alone, or Rab5:
wild type alone (Figure 6B). Interestingly, supplementation of Rab5: wild type with an
equimolar ratio of either Rin1 mutants (i.e., Rin1: D537A and Rin1: Y561F) partially
rescued the fusion reaction (Figure 6B). These observations suggest that the inhibitory effect
on the endosome fusion by Rin1: D537A and Rin1: Y561F may be associated by a direct
sequestration of Rab5 by these two mutants. Thus, an excess of Rab5 should rescue the
inhibitory effect of these Rin1 mutants. Consistent with idea, we observed a recovery (~60%
of control) of the endosome fusion when Rin1 constructs were supplemented with an excess
of Rab5: wild type (Figure 6C). As expected, heat inactivated Rab5: wild type failed to
support he fusion reaction (Figure 6C). Therefore, the excess of Rab5 added to the fusion
reaction that did not interact with Rin1 mutants may be available for other factors (i.e., GDI,
Rab5-GEF) existing in the in vitro system. Thus, it is possible that Rab5-GEFs (i.e., Rabex-5
and Alsin) may further regulate the activation of Rab5 in the fusion reaction since these two
Rab5-GEFs have been shown to be required in the fusion reaction [48, 49]. In addition, we
observed that the addition of Rin1: T580A mutant did not block the fusogenic activity of
Rab5: wild type on the fusion reaction (Figure 6B), which is consistent with the observation
that Rin1: T580A did not interact with Rab5 (Figures 1B, 2C and 2D) and failed to induce
the formation of enlarger of Rab5-positve endosomes (Figure 5C). Taken together, these
results strengthen the possibility that the inhibitory effect of Rin1 mutants of the endosome
fusion is associated to specific residues of Rin1 involved in the interaction and activation of
Rab5.

Additionally, the supplementation of the fusion reaction with Rab5: Q79L GTP hydrolysis-
defective mutant reversed the inhibitory effect of Rin1 mutants and also stimulated
endosome fusion (Figure 6D). Boiled Rab5: Q79L as control had no effect (Figure 6D). In
other control experiments, the fusion reaction was carried out in the absence of ATP (−ATP,
Figure 6B). These results made it unlikely that inhibition by Rin1 mutants was due to
nonspecific effects. Therefore, this strong inhibitory effect of Rin1: D537A and Rin1:
Y561F mutants on endosome fusion may be explained by the fact that, in addition to their
ability to partially interact with Rab5, these two Rin1 mutants failed to activate Rab5.
Collectively, these in vitro results suggest that several amino acids played an important role
in the fusion reaction, and have also been shown to be critical in Rin1’s GEF for Rab5 and
for the formation of enlarged Rab5-positive endosomes.
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DISCUSSION
We have investigated the structure-function relationship of Rin1 by mutational, biochemical
and morphological analysis. On one hand, the analysis of the three dimensional structure of
Rabex-5 provides a guide for the characterization of the Vps9 domain of Rin1 [35]. On the
other hand, the Vps9 domain described in several proteins may differ both structurally and
functionally in specific cells. For example, Rabex-5 knockout mice develop skin
inflammation [34], while deletion of part or the entire Vps9 domain of Alsin protein may be
involved in a mechanism for motor-neuron degeneration [28]. In addition, Rin1 knockout
mice showed an alteration in the long-term potentiation and formation of aversive memories
[33]. Therefore, we investigated the relationship between the structure, function, and cellular
response of different Rin1 mutants.

First, we observed that of the ten Rin1 mutants created, four (P541A, E574A, Y577F,
T580A) were unable to interact with Rab5, whereas two others (D537A, Y561F) partially
interacted with Rab5 (Figure 1B). Furthermore, four others (T572A, Y506F, Y523F,
Y578F) interacted when compared to interaction between Rin1 and Rab5 wild type proteins.
Consistent with these results, we found that the Rin1 mutants that failed to interact with
Rab5 were unable to activate it. Interestingly, we also observed that both Rin1: D537A and
Rin1: Y561F mutants that partially interacted with Rab5, also failed to activate Rab5.
Collectively, these results suggest that specific residues of Rin1 play a more relevant role
either in the interaction with Rab5, in the GEF activity for Rab5, or both.

Second, we found that the expression of Rin1: D537A and Rin1: Y561F mutants, but not the
Rin1: T580A mutant, significantly inhibited the endocytosis of HRP and EGF (Figure 4).
Consistent with these observations, we found that these two mutants (i.e., Rin1: D537A and
Rin1: Y561F) that showed a reduced affinity for Rab5 also failed to activate Rab5.
Strikingly, the expression of Rin1 T580A mutant did not stimulate the endocytosis of either
ligand, which can be attributed, at least in part, to the fact that this mutant failed to interact
with Rab5. In addition, we observed that Rin1: wild type induced the formation of enlarged
Rab5-positive endosomes and as expected, co-localized with Rab5 on enlarged Rab5-
positive endosomes (0.80± 0.16μm). Remarkably, we also found that Rin1: Y561F did not
induce the formation of enlarged Rab5-positive endosomes (Figure 5C) and also showed a
more diffuse pattern than Rin1: wild type through the cells (Figure 5B). Moreover, Rin1:
Y561F partially co-localized with Rab5 on significantly smaller endosomes (0.145±
0.01μm). Furthermore, Rin1: T580A, but not Rin1: T572A, did not support the formation of
enlarged Rab5-positive endosomes (Figure 5C). This inhibition by these Rin1: D537A and
Rin1: Y561F mutants may result from a direct sequestration of Rab5, which may help to
explain their strong dominant inhibitory effect in our in vitro and in vivo assays.

Third, as further confirmation of our observations, we examined the effect of several Rin1
mutants on the in vitro endosome fusion assay. We observed that the addition of purified
Rin1: wild type and Rin1: T572A mutant, but not the addition of Rin1: D537A, Rin1:
Y561F, Rin1: P541A, and Rin1: T580A mutants, significantly stimulated the fusion reaction
(Figure 6). In addition, the stimulation of the endosome fusion by Rin1: wild type was
concentration-dependent. Interestingly, we also observed that the addition of purified Rin1:
D537A and Rin1: Y561A mutants strongly inhibited endosome fusion as compared to Rin1:
T580A. Thus, the evidence suggests that Rin1 mutants selectively regulated the endosome
fusion reaction because it affected the in vitro activation of Rab5 and their expression
regulated the formation of enlarged Rab5-positive endosomes in intact cells. Our
observations suggest a specific role of Rin1 mutants in the endosome fusion in vitro since
the addition of exogenous Rab5: Q79L rescued the fusion reaction inhibited by the Rin1
mutants. Furthermore, the supplementation of Rab5: wild type to Rin1: wild type, but not to
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Rin1: D537A and Rin1: Y561F mutants, stimulated the fusion reaction. However, the fusion
reaction inhibited by Rin1: Y561F and Rin1: D537A mutants were partially rescued by the
addition of an excess of Rab5 proteins, suggesting the possibility that, in addition to Rin1,
other Rab5-GEF proteins may also be involved in the fusion reaction. Consistent with this
observation, it has been shown that Rabex-5 and Alsin proteins were also involved in the
endosome fusion reaction in vitro [48, 49]. Clearly, additional work should be carried out to
further investigate the role of these Rab5-GEFs in the endosome fusion. Therefore, this
strong inhibitory effect of Rin1: D537A and Rin1: Y561F mutants on endosome fusion may
be explained by the fact that, in addition to their ability to partially interact with Rab5, these
two Rin1 mutants failed to activate Rab5, suggesting a mechanism by which Rin1 mutants
modulate in vivo and in vitro Rab5 function.

We also observed that the addition of Rin1: T580A did not block the endosome fusion
stimulated by Rab5: wild type, which is consistent with the observation that Rin1: T580A
failed to interact with Rab5. Furthermore, this observation was also supported by the fact
that this mutant did not stimulate the formation of enlarged Rab5-positve endosomes (Figure
5C), or endocytosis of EGF (Figure 4A).

Noticeably, it has been reported that the Rabex-5 equivalent of Rin1: D537A and Rin1:
T580A (Rabex-5: D313A and Rabex-5: T357A) inhibited Rab5 function [35]. It has been
shown that in Rabex-5 the residue Asp313 contacted both the invariant P-loop lysine and
switch II backbone, whereas Thr357 contributed to binding pockets in the interswitch and
switch II of Rab5 [35]. Therefore, it is reasonable to speculate that in Rin1 residues, Asp537
and Thr580 may behave similarly to their equivalent residues in Rabex-5. Consistent with
this prediction, we have shown that Rin1: D537A and Rin1: T580A were critical
determinants for exchange activity. At present, the residues Asp 537 may be critical for
exchange activity since the corresponding residue (Asp 313) in Rabex-5 is involved in GEF
activity as well [35]. However, it is possible that the Asp 537 residue in the Vps9 domain of
Rin1 may play a key role in the interaction and/or activation of Rab5. In contrast, residue
Thr 580 in the Vps9 domain of Rin1 may play a more prominent role in the interaction of
Rin1 with Rab5 rather than in the activation of Rab5 since a substitution mutation at residue
of 580 from threonine (Thr) to alanine (Ala) completely inhibited its interaction with Rab5
(Figure 1B and 2C). Furthermore, Rin1: D537A, Rin1: Y561F and to a lesser extent Rin1:
T580A, (i.e., approximately 87%) were expressed to the same level as Rin1: wild type,
which suggest a minor effect on protein stability. Therefore, at least two possibilities may
account for the observations that these residues critically affect the exchange activity of
Rin1 for Rab5, and therefore Rab5 function. First, these residues may be directly involved in
the interaction with Rab5. Second, these Rin1 mutants (i.e., Rin1: D537A and Rin1: Y561F
mutants) may cause changes in other regions of the molecule that contribute to the
disruption of protein-protein interaction between Rab5 and Rin1. While the latter possibility
cannot be ruled out, it seems less likely since we have found that the Rin1 mutants
investigated in this paper were expressed approximately to the same level as Rin1: wild
type, which suggest a minor effect on protein stability. Based on structural models of the
Vsp9, SH2 and RA domains of Rabex-5 [35], Src [50] and Ste50 adaptor [51] proteins, 3-D
structural figures of Rin1 were constructed and view with I-tasser
(http://zhang.bioinformatics.ku.edu//I-tasser/) and Pymol (http://www.pymol.com),
respectively. Our observations suggest that the introduction of a single substitution (i.e.,
Y561F) only causes limited local changes rather altering the overall conformation of the
molecule Rin1 (Galvis, A and Barbieri M.A., unpublished data). Alternatively, it is also
possible that these Rin1 mutants may also affect the interaction of Rin1 with other factors,
including proteins that interact though the SH2 domain of Rin1 [16, 23, 26], and particularly
Ras, which has been shown to potentiate the Rab5-GEF activity of Rin1 and alter its
function in endosome fusion [19]. Future experiments using appropriate approaches will be
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required to examine whether Rin1: D537A and Rin1: Y561F mutations affect the interaction
of Rin1 with Ras. Collectively, our data support a critical role of residues Asp 537 and Tyr
561 on Rin1 function since these Rin1 residues were involved in the in vitro activation of
Rab5 and therefore blocked Rab5 function (i.e., internalization of EGF, formation of
enlarged Rab5-positive endosomes and endosome fusion).

In addition, we found that Rin1: T572A (Figures 3B, 4A, 5A and 5C), Rin1: Y506F, Rin1:
Y523F, and Rin1: Y578F mutants (data not shown) were able to activate the small GTPase
Rab5 in vitro, to stimulate the endocytosis of EGF, and induce the formation of enlarged
Rab5-positve endosomes as compared to Rin1: wild type, which suggests that none of these
residues abolished the biological function of Rin1 (Supplementary Figure 1). Finally, the
identification of these key structural features of the Vps9 domain of Rin1 provide novel
information on the mechanism of how Rin1 regulates endocytosis, endosome fusion and also
indicate the structural features that are required for the inhibitory effect of these mutants.
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Figure 1. Substitution mutations in the Vps9 domain of Rin1, and their effects on the interaction
with Rab5: S34N
(A) Alignment of the humanVps9 domain containing proteins (i.e., Rabex-5 [hRabex-5],
Rin1 [hRin1], RAP6 [hRAP6], Alsin [hAlsin], and VARP- [hVARP]), and localization of
the mutations in the Vps9 domain of Rin1 are shown. (B) Yeast cells were co-transformed
with plasmids pB42AD fused to the Rin1 sequences indicated with pLexA fused to the
Rab5: S34N mutant. Co- transformed cells were spotted onto plates containing selected
media, and incubated at 30°C as described in Material and Methods. (I) Growth on deficient
interaction media indicates interaction between Rin1 and Rab5 proteins. (II) Liquid cultures
in selective media were also assayed for β-Galactosidase (β-Gal) to verify and quantify two-
hybrid interactions. Relative Units (RU): number of colonies in interaction media/number of
colonies in expression media. The data are presented as means ± SD of five independent
experiments, n=5 *P < 0.001. Each independent experiment was performed in quintuplicate.
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Figure 2. Expression and interaction of Rab5: S34N with Rin1: wild type and its mutants
(A) SDS- PAGE showing the expression levels of Rin1 and Rab5 proteins. Recombinant
fusion proteins were precipitated from equivalent bacterial cell extracts with glutathione-
Sepharose (GST-Rab5) or with Ni2+Agarose (His-Rin1) beads. The beads were washed and
fusion proteins visualized on SDS-PAGE gels stained with Coomassie Blue. This
experiment was repeated three times with similar results. (B) Recombinant GST alone (10
μg) and GST-Rab5: S34N mutant (10 μg) were incubated with increasing amounts of
recombinant His-Rin1: wild type proteins (0.01 μg, 0.1 μg, 1 μg), and the amount of Rin1
bound to Rab5 proteins were detected by Western blotting with anti-Rin1 antibodies. Input:
total amount of GST, GST-Rab5: S34N, or His-Rin1 added to the in vitro pull-down assay.
Output: the amount of Rin1 bound to GST-Rab5 was visualized by Western blot analysis.
Proteins were quantified by densitometry of Westerns blots. The data are presented as means
± SD of four independent experiments, n=4. (C) 10 μg Recombinant GST-Rab5: S34N was
incubated with 0.01 μg recombinant His-Rin1: wild type and its mutants (input). Relative
levels of Rin1 proteins bound to Rab5: S34N were determined by densitometry of Westerns
blots with anti-Rin1 antibodies (output). The data are presented as means ± SD of three
independent experiments, n=3 *P < 0.001. (D) Stable NR6 cell lines over-expressing either
Rin1: wild type or Rin1 constructs were transiently transfected with Rab5: S34N mutant.
After transfection, cells were lysed and immunoprecipitated as described in Material and
Methods. Whole cell lysates (WCL) containing Rab5: S34N and Rin1 constructs (input)
were immunoprecipitated with anti-Rin1 antibodies, and the presence of Rab5 bound to
Rin1 constructs (output) was visualized with anti-Rab5 antibodies. Proteins were quantified
by densitometry of Westerns Blots. The data are presented as means ± SD of three
independent experiments, n=3 *P < 0.001.
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Figure 3. Rin1 mutants affect the release of mant-GDP bound to Rab5
(A) Kinetics of mant-GDP release from 100 pM His-Rab5 in the absence ( ) and presence
of 0.01 μM ( ), 0.1 μM ( ), 1 μM (←) Rin1: wild type proteins or following the addition
of 6 mM EDTA ( ) for the indicated time at 30°C. The data are presented as means ± SD
of three independent experiments, n=3 *P < 0.001. (B) Release of mant-GDP from 100 pM
His-Rab5 alone ( ) or in the presence of 0.1 μM Rin1 constructs for the indicated time at
30°C as described in Material and Methods. The data are presented as means ± SD of three
independent experiments, n=3 *P < 0.001. Each independent experiment was carried out in
duplicate. Relative Units (R.U.) indicate the amount of fluorescence measured at 440 nm
(I440 nm).
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Figure 4. Effect of Rin1 mutants on the endocytosis of HRP and EGF
Stable NR6 cell lines over- expressing either Rin1 constructs or GFP were incubated
with 125I-EGF (A) or HRP (B) at 37°C. After incubation, the internalized ligand was
determined as described in Material and Methods. The data are presented as means ± SD of
three independent experiments, n=3 *P < 0.001. Inset: Stable NR6 cell lines over-expressing
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either GFP or Rin1 constructs were separated by SDS-PAGE, blotted to nitrocellulose, and
were visualized with anti-GFP and anti-Rin1 antibodies, respectively. This experiment was
repeated three times with similar results. (C) Stable NR6 cell lines over-expressing GFP
alone (→,←), Rin1: wild type ( , ), or Rin1: D537A ( , ) were incubated with HRP at
37°C for the time indicated in the absence ( , ,→) or presence ( , ,←) of 100 ng/ml
EGF. After incubation, the internalized HRP was determined as described in Material and
Methods. Relative Units (R.U.) indicates the HRP uptake (OD440/mg protein). The data are
presented as means ± SD of three independent experiments, n=3. Inset: Stable NR6 cell lines
over-expressing either GFP, Rin1: wild type, or Rin1: D537A mutants were separated by
SDS-PAGE, blotted to nitrocellulose, and these proteins were visualize with anti-GFP and
anti-Rin1 antibodies. This experiment was repeated three times with similar results.

Galvis et al. Page 22

Exp Cell Res. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Galvis et al. Page 23

Exp Cell Res. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Galvis et al. Page 24

Exp Cell Res. Author manuscript; available in PMC 2012 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Rin1 mutants affect the formation of enlarged Rab5-positive endosomes
(A) Stable NR6 cell lines over-expressing either vector alone (control), Rin1: wild type, or
Rin1 mutants were transiently transfected with GFP-Rab5: wild type and GFP-Rab5: Q79L
mutant. After transfection, cells were processed for immunofluorescence as described in
Material and Methods. Confocal fluorescence microscopy images show the morphological
changes of Rab5-labeled endosom es in NR6 cells coexpressing both Rin1 and Rab5
constructs as indicated in the Figure. This experiment was repeated three times with similar
results. Bar: 10 μm. (B) Stable NR6 cell lines over-expressing either Rin1: wild type or
Rin1: Y561F mutant were transiently transfected with RFP-Rab5: wild type. After
transfection, the cells were fixed and processed as described in Material and Methods. This
experiment was repeated three times with similar results. Bar: 10 μm. The arrowheads and
arrows denote the small and enlarged Rab5-positve endosomes, respectively. (C) Different
sizes of Rab5-positive endosomes were quantified in control cells (i.e., cells co-expressing
Rab5 constructs and vector alone) and cells co-expressing both Rin1 and Rab5 constructs. A
total of 2000 Rab5-positive endosomes from 7 cells were used to determine endosome sizes
in each experiment. The data are presented as means ± SD of three independent
experiments, n=3 *P < 0.001.
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Figure 6. Effect of Rin1 mutants on the endosome fusion reaction
(A) Fusion assays were performed under standard conditions as described in Material and
Methods in the presence of 1.5 mg/ml cytosol alone, or supplemented with different amount
(0 to 160 nM) of Rin1 constructs (Rin1: wild type, Rin1: T572A, Rin1: P541A, Rin1:
T580A, Rin1: Y561F, or Rin1: D537A). Values are means ± SD, n=3 *P< 0.001. (B)
Endosomes were incubated in the presence of 1.5 mg/ml cytosol (Lanes 1 to 11) without
(Lane 1, −ATP) or with (Lanes 2 to 11, +ATP) ATP regenerating system and subsequently
allowed to fuse as indicated in the graph. Lanes 3 to 11 show the fusion reaction either in the
absence (Lanes 1, 2, 4, 6, 8 and 10) or in the presence of purified Rab5: wild type (Lanes 3,
5, 7, 9, and 11). Lane 3 shows the fusion reaction in the presence of cytosol supplemented
only with 32 nM Rab5: wild type. Lanes 5, 7, 9 and 11 show the fusion reaction in the
presence of 32 nM Rab5: wild type supplemented with 32 nM Rin1: wild type (Lane 5),
Rin1: D537A (Lane 7), Rin1: Y561F (Lane 9), or Rin1: T580A (Lane 11). Lanes 4, 6, 8, and
10 show the fusion reaction in the presence of 32 nM Rin1 proteins alone. Values are means
± SD, n=3, *P <0.005, **P <0.001, . (C) Fusion assays were performed in the presence of
1.5 mg/ml cytosol containing 32 nM Rin1: D537A mutants supplemented with different
amounts of purified boiled ( ) and non-boiled Rab5: wild type ( ). The asterisk (*)
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indicates the fusion activity using complete cytsosol ( ). Values are means ± SD, n=4 *P
<0.001. (D) Endosomes were incubated with of 1.5 mg/ml cytosol in the presence of ATP-
regenerating system (Lanes 1 to 10) and subsequently allowed to fuse as indicated in the
graph. Lane 1 and 2 show the fusion reaction in the presence of boiled and non-boiled 32
nM Rab5: Q79L mutant, respectively. Lanes 3 to 10 show the fusion reaction in the presence
of 32 nM Rin1 proteins as shown in the graph either in the absence (Lanes 3, 5, 7, and 9) or
in the presence of purified 32 nM Rab5: Q79L mutant (Lanes 2, 4, 6, 8 and 10). Lanes 3, 5,
7, and 9 show the fusion reaction in the presence of 32 nM Rin1 proteins alone. Values are
means ± SD, n=3 *P <0.001. Purified Rab5 proteins were complexed with REP-1 and then
added to the fusion reaction as indicated in Material and Methods.
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