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Summary

Rab5 is a small GTPase that controls endocytosis and early membrane, CFP-Rab5 was fused to the plasma membrane
endosome dynamics. To visualize active, GTP-loaded Rab5 targeting sequence of K-Ras containing a CAAX motif. The
in living cells, we developed molecular sensors consisting of resulting chimeric CFP-Rab5-CAAX was located mainly in
the Rab5-binding fragments of Rabaptin5 or EEA.1 fused the plasma membrane and was capable of binding GTP as
to yellow fluorescent protein (YFP). Interaction of these judged by FRET microscopy with the Rabaptin5-based
sensors with GTP-bound Rab5 fused to cyan fluorescent sensor. Interestingly, EEA.1 sensor did not follow activated
protein (CFP) resulted in fluorescence resonance energy Rab5-CAAX to the plasma membrane, suggesting that the
transfer (FRET) between CFP and YFP. Activated Rab5 interaction of EEA.1 with Rab5 plays a secondary role
was detected by FRET microscopy in endosomal in EEA.1 targeting. Overexpression of CFP-Rab5(S34N)-
compartments and often concentrated in microdomains CAAX prevented endocytosis of receptors by retaining
in the endosomal membrane. Although the plasma them in coated pits. These data suggest that the dominant-
membrane-localized activity of Rab5 was not detected by negative effect of the Rab5(S34N) mutant on the late stages
light microscopy, overexpression of a GDP-bound mutant of endocytosis can be mediated through the inhibition of
of CFP-Rab5(S34N) inhibited internalization of the cytosol-associated or plasma-membrane-associated rather
epidermal growth factor receptor by retaining receptors in  than endosome-associated regulators of Rab proteins.
clathrin-coated pits. To test whether the Rab5(S34N)

mutant affects endocytosis directly at the plasma Key words: Rab5, Epidermal Growth Factor, EGF, Endocytosis

Introduction early endosomes and interaction with effector proteins.

Various macromolecules and viruses enter cells by means @verexpression of the constitutively active (GTP-loaded)

receptor-mediated endocytosis. This process is accomplishgttant of Rab5 causes dramatic enlargement of early
in small areas of the plasma membrane coated on trndosomes (Stenmark et al., 1994). Rab5-GTP interacts with,

cytoplasmic surface with a clathrin lattice, called clathrin-and facilitates, membrane docking of several molecules, such
coated pits. Ligand-receptor complexes destined fos early endosomal autoantigen 1 (EEA.1), Rabaptin5 and
internalization are selectively recruited into coated pitdRabenosin5 (Christoforidis and Zerial, 2000; Lippe et al.,
followed by coat invagination, constriction and scission of the001). EEA.1 and Rabenosyn5 possess FYVE domains that
clathrin-coated vesicle containing cargo (Kirchhausen, 2000Rind to phosphatidylinositol  (3)-phosphate [PtdInB{3)
Endocytic vesicles release their clathrin coat and fuse wittNielsen et al., 2000). Binding to PtdIngf3in conjunction
early endosomes. Internalized ligand-receptor complexes pag#h Rabbs interaction targets these proteins specifically to early
through a series of endosomal compartments where they sgdosomes. Rabaptin5 is a cytosolic protein that is complexed
sorted to different intracellular destinations. Some receptongith Rabex5 [Rab5 GDP/GTP exchange factor (GEF)]. The
are recycled back to the plasma membrane with or witholRabaptin5/Rabex complex is recruited to GTP-loaded Rab5
the ligand, whereas others are sent to the late endoson®ld positively regulates Rab5 activity by slowing down GTP
compartment and lysosomes for degradation (Sorkin and vdwydrolysis (Horiuchi et al., 1997).
Zastrow, 2002). The function of Rab5 might not be limited to the regulation
Endosomal biogenesis, fusion and maturation are controlleaf early endosome dynamics. Several studies have implicated
by small GTPases of the Rab family (Zerial and McBride Rab5 in the process of clathrin-dependent endocytosis. Rab5
2001). Rab5 is located on the cytoplasmic surface of earlg found at the plasma membrane and in coated vesicles, where
endosomes, and is a key component of the protein complés activity may regulate the fusion of these vesicles with
responsible for homotypic fusion of early endosomes andarly endosomes (Bucci et al.,, 1992). Overexpresion of
cargo sorting in these organelles (Stenmark et al., 19943onstitutively active Q79L or dominant-negative S34N Rab5
Rab5 switches between GTP- and GDP-bound conformationsmutants, respectively, accelerate or inhibit endocytosis of
GTP loading of Rab5 is necessary for Rab5 targeting ttransferrin and epidermal growth factor (EGF) receptors (Bucci
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et al.,, 1992; Stenmark et al., 1994; Barbieri et al., 2000xorresponding to the last 20 amino acids of K-Ras4B linker ending
Studies with Rab5 mutants and Rab5-regulating proteins sugfith a Pst site. The PCR product was ligated into thiedll/ Pst-

as Rab-GDI and Rab5 GTPase-activating protein, RN-tre, alstigested pECFP-C2 vector (Clontech). Point mutations in C_FP-RabS
suggest that Rab5 activity is important for clathrin-dependerithd CFP-RabS-CAAX  constructs were introduced using  the
endocytosis (Lanzetti et al., 2000; Martinu et al., 2002QuickChange site-directed mutagenesis kit (Stratagene). Al
McLauchlan et al., 1998). By contrast, Ceresa and SchmlﬁonStrUCts were verified by dideoxynucleotide sequencing.
(Ceresa and Schmid, 2000) showed that overexpression of the

Q79L Rab5 mutant does not alter trafficking of the transferrirCell culture and transfections

receptor (Ceresa et al., 2001). It has been reported that Rap§cine aortic endothelial (PAE) cells (clone B2) expressiibo?

is also involved in regulation of fluid-phase endocytosisEGFR/cell (Jiang and Sorkin, 2002) were grown in F12 medium

(Barbieri et al., 2001). containing 10% fetal bovine serum, and supplemented with
In this study, we used fluorescence resonance energy transéetibiotics, glutamine and G418. The transfections of CFP or YFP

(FRET) microscopy to visualize directly the activity of fusion protein constructs were performed using Effectene (QIAGEN,

fluorescently tagged Rab5 and its interactions with effectdrilden, Germany) in six-well plates. For microscopy, cells were
proteins in living cells. Similar approaches have beeﬁeplated 24 hours after transfection onto 25 mm glass coverslips. Cells

previously developed to observe the activity of other smal ere incubated in serum-free and Phenol Red-free medium containing

h . 1% bovine serum albumin (BSA) for 6 hours before experiments.
GTPases, such as Ras and Rac (Jiang and Sorkin, 20 pression of YFP- and CFP-fused proteins was confirmed by

Kraynov et al., 2000; Mochizuki et al., 2001). A FRET-basedyestern blotting as described previously (Jiang and Sorkin, 2002).
sensor was utilized to demonstrate the activity of a Rabb

chimera specifically targeted to plasma membrane (Rab5- .

CAAX). Interestingly, overexpression of a GDP-bound mutanfluorescence microscopy

of Rab5 or Rab5-CAAX protein delayed EGF receptorCells treated or not treated with EGF-Rh or Trf-TR were washed with
endocytosis by retaining receptors in clathrin-coated pitsc@/Mg?*-free phosphate buffered saline (CMF-PBS). For live-cell
suggesting that Rab5 or a homologous Rab protein migfficroscopy, glass coverslips with cells were mounted in a microscopy

function directl he plasma membran ring | amber (M(_)Iecular Probes) and_ imaggd at room temperature
cuoac'ite(c)i vgsﬁz?éyeﬁzjgc?/t%;i‘ a membrane during late stages T). Otherwise, the cells were fixed with freshly prepared 4%

paraformaldehyde (Electron Microscopy Sciences) for 30 minutes at
4°C.
Materials and Methods The fluorescence imaging workstation consisted of a Nikon
inverted microscope equipped with a ¥06il immersion objective
Reagents lens, cooled charge-coupled device SensiCam QE-16MHz (Cooke,
EGF was obtained from Collaborative Research (Bedford, MA). EGFSermany), z-step motor, dual filter wheels, and a Xenon 175-W light
conjugated to rhodamine (EGF-Rh) and human transferrin conjugatesburce, all controlled by SlideBook 3.1 software (Intelligent Imaging
to Texas Red (Tfr-TR) were obtained from Molecular Probes (Eugendnnovation, Denver, CO). The detection of YFP, CFP and rhodamine
OR). Pfu polymerase was purchased from Stratagene (La Jolla, CAluorescence was performed using YFP, CFP and Cy3 filter channels,
Monoclonal antibodies to GFP were purchased from Zymednd an 86004BS dichroic mirror (Chroma, Bratteleboro, VT). Images
Laboratories (South San Francisco, CA). Monoclonal antibodies tere acquired using>2 binning mode. Typically, Z-stack of 20-30
Rab5 were purchased from BD Transduction Laboratories (CA). X-Y optical sections was obtained from fixed cells as previously
described (Sorkina et al., 2002). The final arrangement of all images
was performed using Adobe Photoshop (Adobe Systems, Mountain
Plasmids View, CA).
Human Rab5a, Rab4a and K-Ras4B cDNAs were obtained from
Guthrie cDNA Resource Center (Guthrie Research institute, Sayre,
PA). Ratp2-YFP cDNA was described previously (Jiang and Sorkin,FRET measurements
2002; Sorkina et al., 2002). Human EEA1 and Rabaptin5 cDNAs wer€he method of sensitized FRET measurement has been described
provided by H. Stenmark (Norwegian Radium Hospital, Oslo,previously (Sorkin et al., 2000). Briefly, images were acquired
Norway) and M. Zerial (Dresden, Germany), respectively. GFPsequentially through YFP, CFP and FRET filter channels at RT. Filter
K44A-Dynamin Il was provided by M. McNiven (Mayo Clinic, sets used were YFP (excitation, 500/20 nm; emission, 535/30 nm);
Rochester, MN). To generate YFP/CFP fusion proteins, Rab5 or RaliZIFP (excitation, 436/10 nm; emission, 470/30 nm) and FRET
full-length cDNAs were amplified by PCR and ligated to pEYFP-C1(excitation, 436/10 nm; emission, 535/30 nm). An 86004BS dichroic
(Clontech) by usin®glll and Xhd restriction sites. mirror (Chroma) was utilized. Images were acquired usi®ng 2
The green fluorescent protein (GFP)-tagged clathrin light chain Ainning mode and 100-250 ms integration times. The background was
(CLa) construct was provided by L. Green (NIH, Bethesda, MD). Tosubtracted from the raw images prior to carrying out FRET
generate YFP-CA, full-length CLa cDNA was ligated to pEYFP-C3 calculations. Corrected FRET (FRETwas calculated on a pixel-by-
(Clontech) usingEcoR and Xhd restriction sites. To generate pixel basis for the entire image using the following equation.
Rabaptin5 YFP/CFP fusion proteins, a fragment corresponding to _
amino acid residues 551-862 of Rababtin5 (Rab5-binding domain, FRETC=FRET-(0.50«CFP) (0.0 YFP), @
referred to as R5BD) was amplified by PCR and ligated to pEYFPwhere FRET, YFP and CFP correspond to background-subtracted
N1 (Clontech) usingSal and Xhd restriction sites. To generate images of cells co-expressing CFP and YFP acquired through the
EEA.1 YFP/CFP fusion proteins, a fragment corresponding to aminBRET, YFP and CFP channels, respectively. 0.5 and 0.02 are the
acid residues 1306-1411 of EEA.1 (further referred to as EEAlsHjactions of bleed-through of CFP and YFP fluorescence, respectively,
was amplified by PCR and ligated to pEYFP-C3 (Clontech) usinghrough the FRET channel. Bleed-through coefficients of CFP and
Hindlll and BarHI restriction sites. To generate CFP-Rab5-CAAX YFP fluorescence were slightly overestimated, as described in (Sorkin
fusion proteins, full-length Rab5 was amplified with’ @Bmer that et al., 2000), which can result in some underestimation of FRET
encodes eHindlll site and a 3 primer encompassing a sequence negative FRE? values.
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As an additional approach, FREValues were calculated from the CFRs owing to high FRET efficiency, FRETN values for CFP-YFP
mean fluorescence intensities for each selected subregion of the imggetein were calculated according to the modified Eqn 2:
containing individual endosomes, ruffles and diffuse fluorescence _
areas acgording to Egn 1. Normalized sensitized FRET (FRETN) FRETN=FREF/(YFPxCFP). )
values for individual cellular compartments were calculated according FRETC images are presented in a pseudocolor mode. FRET
to the following equation. intensity is displayed stretched between the low and high

_ renormalization values, according to a temperature-based lookup table

FRETN =FREF/(YFPxCFP), @ with blue (cold) indicating low values and red (hot) indicating high
where FRE®, CFP and YFP are the mean intensities of FREEFP values. To eliminate distracting data from regions outside of cells, the
and YFP fluorescence in the selected subregion of the image. In theSEP channel was used as a saturation channel, and thé FRéjes
calculations, the fluorescence intensity of CFP was underestimateeere displayed as CFP intensity-modulated images. In these images,
because of donor fluorescence quenching due to FRET. Thdata with CFP values greater than the high threshold of the saturation
quenching of donor fluorescence was calculated from ER@ies  channel are displayed at full saturation, whereas data values below the
using the conversion coefficient G (3.2 in all experiments) adow threshold are displayed with no saturation (i.e. black). All
described (Gordon et al., 1998) and was found to be about 5-10% célculations were performed using the channel math and FRET
CFP fluorescence intensities. Therefore, the underestimation of CFRodules of the Slidebook software.
fluorescence did not significantly affect FRETN values.

The maximum high FRETN values (5:8-4£0.23x10%) were
obtained in PAE cells expressing a chimeric CFP-YFP proteirResults
consisting of CFP and YFP connected by a 16-amino acid resid At . TR
linker (Vanderklish et al., 2000). Using a photobleaching FRE_Il_’\?isuallzatlon of GT_P_bound form of Rab5_ n .I“./mg cells
method, in which the increase of donor fluorescence upon acceptdP Study Rab5 activity and interactions in living cells, CFP-
photobleaching is measured, the FRET efficiency (E) was determinéNd YFP-fusion proteins of Rab5a were prepared (Fig. 1A).
in cells, in which FRE® values had been measured, using theldentical fluorescent-protein-tagged fusions of Rab5 have
equation: been previously characterized in several studies (Barbieri et

E=1-CFR/CFPa, (3) al., 2000; Roberts et al., 1999; Roberts et al., 2000). In order
where CFR and CFR are the integrated intensities of CFP imagesto visualize the GTP-bound form of R‘fibs’ fluorescent sensors
of the whole cells measured, respectively, before and after YFere generated based on two known interactors of Rab5-GTP,
photobleaching (CRPis analogous to CFP in Eqn 1). YFP was Rabaptin5 and early endosomal antigen 1 (EEA.1) (Fig. 1A).
photobleached by irradiation through a 535/20 nm bandpass filter. The Rabaptin5 binds directly to the GTP-loaded form of Rab5 in
mean value of E was 32.6%. Because £BERignificantly larger than  vitro and is recruited to early endosomes in a Rab5-dependent

manner (Stenmark et al, 1995). The Rab5-
A interacting domain of Rabaptin5 (referred to as
. o6 yiid 2L I R5BD) was mapped in in vitro experiments to the
= — @I 1= R =1 SBD-YER C-terminal residues 551-886 of Rabaptin5 (Vitale
| T e } p
N EEAL a9 et al., 1998). To generate a FRET-based sensor for
o 886 % - ™=<e=YFPEEAIsh  active, GTP-bound Rab5, a YFP-fusion protein of
kDa 'Y B: anti-Rab5 RN v () RN R5BD was constructed (Fig. 1A).
LELRASL WB: anti-GFP EEA.1 is a component of the endosomal fusion machinery
S6— @M +CFP-Rabs that binds to the GTP-loaded form of Rab5. A 30-amino acid
yom 8 : I (Grs) region upstream of the FYVE domain of EEA.1 was shown to
' o ssy YFPRSED g5 be essential for Rab5 binding in vitro, although the functional
FYVE domain was also required for efficient interaction (Lawe
et al.,, 2000). To generate an EEA.1-based sensor for Rab5-
GTP (YFP-EEA.1sh), YFP was fused to the amino acid
residues 1306-1411 of EEA.1 (Fig. 1A). Such a fusion protein

[
o
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Fig. 1. Schematic representation and immunodetection of fusion
proteins. (A) Depicted are Rab5, and fragments of Rabaptin5 and
EEA.1 proteins fused to CFP/YFP at the N- or C-terminus. The first
and the last amino acid residues in Rabaptin 5 (R5RB) and EEA.1
(EEA.1sh) fragments are numbered according to the full-length
sequences. The FYVE domain of EEA.1 is indicated. PAE/EGFR
cells transiently expressing wild-type (wt), Q79L or S34N CFP-Rab5
mutants or YFP-EEA.1 and R5BD-YFP were lysed, and CFP/YFP-
fusion proteins present in lysates were detected by western blotting
with anti-Rab5 or anti-GFP antibodies, respectively. All fusion
proteins generated in this work migrated on SDS-PAGE according to
the predicted molecular masses. (B and C) PAE/EGFR cells
transiently expressing R5BD-YFP alone (B) or together (C) with
CFP-EEA.1sh were incubated with 1 ng/ml EGF-Rh for 10 minutes
at 37°C and fixed. EGF-Rh, CFP and YFP were detected using Cy3,
CFP and YFP filter channels. Insets in (C) show an enlargement of
the outlined regions. Bars, Lon.
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CFP-Rabs R53BD-YFP Flg 2.Detection of GTP-bound Rab5 in ||V|ng

) cells. CFP-Rab5, CFP-Rab5(Q79L) or CFP-
Rab5(S34N) were co-expressed with R5BD-
YFP or YFP-R5BD in PAE/EGFR cells. YFP,
CFP and FRET images were obtained from
living cells at RT. FREF was calculated as
described in Materials and Methods, and
presented as pseudocolor images. Insets show
an enlargement of the outlined regions.
A.l.u.f.i., arbitrary linear units of fluorescence
intensity. Bar, 1um.

the recruitment of a substantial pool
of R5BD-YFP to CFP-Rab5-containing
endosomes (Fig. 2). To examine whether
R5BD-YFP is bound to CFP-Rab5,
sensitized FRET efficiencies between CFP
and YFP (FRE¥) were measured on
a pixel-by-pixel basis as described in
Materials and Methods. As seen in Fig. 2,
FRETC images revealed strong energy
transfer between CFP-Rab5 and R5BD-
YFP, suggesting that these two proteins
form a complex in endosomes.

Rab5, as other GTPases, switches
between GTP- and GDP-bound
FRET® conformations. To test the specificity of
Rab5-GTP detection by the R5BD-YFP
sensor, GTP- and GDP-bound mutants of
CFP-Rab5 were generated. The Q79L
mutation results in significant reduction of
GTP hydrolysis by Rab5, thus keeping
Rab5 in a GTP-bound state. The S34N
mutation yields Rab5 protein that
has been previously characterized and used as an eagseferentially binds GDP over GTP, thus keeping Rab5 in an
endosomal marker (Gaullier et al., 1998; Lawe et al., 2000).inactive state (Stenmark and Olkkonen, 2001). The properties

The localization of YFP/CFP-fused proteins was examinedf these Rab5 mutants have been previously reproduced with
in A-431, HeLa and PAE cells. Despite differences in cellCFP/YFP-fused Rab5 proteins (Barbieri et al.,, 2000;
morphology and the expression levels of fusion proteinsSonnichsen et al., 2000).
similar results were observed in all these cell lines. CFP-Rab5 Co-expression of the CFP-Rab5(Q79L) mutant and R5BD-
and YFP-EEA.1sh proteins were concentrated in endosomesFP resulted in the appearance of enlarged endosomes,
The R5BD-YFP fusion protein displayed cytosolic distributionmassive recruitment of R5BD-YFP to Rab5-containing
in the absence of Rab5 overexpression (Fig. 1B). In this studgndosomal complexes and strong FREignals (Fig. 2). By
PAE cells were used as the preferred expression systerontrast, co-expression of the CFP-Rab5(S34N) mutant and
because they have minimal autofluorescence background aR&BD-YFP fusion proteins did not result in the recruitment of
flattened cell shape, which allows clear visualization ofither R5BD-YFP or CFP-Rab5(S34N) to endosomes (Fig. 2).
organelles and other structures. In some cells, CFP-Rab5(S34N) was seen associated with

As shown in Fig. 1B,C, expression of R5BD-YFP alone oristinct organelles often located in the perinuclear area of the
together with CFP-EEA.1sh did not visibly affect thecell. No positive FRE% signal was observed in cells co-
endocytosis of EGF-rhodamine (EGF-Rh) in PAE cellsexpressing CFP-Rab5(S34N) with R5BD-YFP (Fig. 2). These
expressing EGF receptors (PAE/EGFR). Interestingly, whedata suggest that the interaction of Rab5 and R5BD fusion
R5BD-YFP was co-expressed with CFP-EEA.1sh, a pool oproteins depends on GTP-loading of Rab5, thus validating the
R5BD-YFP was recruited to endosomes containing EGF-Rhse of R5BD protein as a sensor of Rab5 activity.
and CFP-EEA.1sh (Fig. 1C). It is possible that the Interestingly, when YFP was fused to the N-terminus of
recruitment to endosomes of EEA.1sh protein containingR5BD (YFP-R5BD, Fig. 1), this protein was recruited to
Rab5-GTP binding sites might increase the concentration @ndosomes in a Rab5-dependent manner and to an extent
endogenous Rab5-GTP on the endosomal membrane, asithilar to that observed for R5BD-YFP (Fig. 2). However,
consequently recruit R5BD-YFP to these endosomes. positive FRET signals were not detected despite colocalization

To test directly whether R5BD can bind Rab5 on theof YFP-R5BD with CFP-Rab5 or CFP-Rab5(Q79L) in
endosomal membrane, R5BD-YFP was co-expressed witndosomes (Fig. 2). This observation suggests that, when
CFP-Rab5. Co-expression of these fusion proteins resulted farming a complex on the endosomal membrane, the

R5BD-YFP




Table 1. Mean FRETN values calculated for individual
compartments and regions of cells*

Protein combination Cellular compartment FREST(404)"
Rab5 wt+R5BD-YFP Endosomes 1.88+0.2537)
Rab5(Q79L)+R5BD-YFP Endosomes 1.67+0.0334)

Rab5(S34N)+R5BD-YFP Diffused fluorescence, —0.02+0-1L%)
perinuclear structures
Rab5(Q79L)+YFP-R5BB Endosomes
Rab5(Q79L)+YFP-EEA.1$h Endosomes
Rab5(Q79L)-CAAX+YFP-R5BD Plasma membrane

CFP-YFH Diffused fluorescence

-0.42+0.1212)

2.11+0.17426)
0.82+0rE9y
5.99+0.26-4)

*Defined cell regions with the molar ratio of CFP/YFP fluorescence from

2-3 were used for calculations.

fMean valuets.e.; each FRETN value was obtained for several selected

regions in the individual cell and 5-10 cells were analyzed for each FRET
pair. The cells were selected from at least five independent experiments.
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this protein is recruited to endosomes by a mechanism similar
to that responsible for the endosomal localization of full-length
EEA.1 (data not shown). Strong FRESignals were detected
indicative of the interaction of Rab5 and EEA.1sh fusion
proteins (Fig. 3B, Table 1). By contrast, no FRET was observed
between CFP-Rab4 with YFP-EEA.1sh proteins, although
these proteins were partially colocalized in some endosomes
(Fig. 3A). Moreover, no FRET was detected in cells expressing
CFP-Rab5(S34N) and YFP-EEA.1sh (Fig. 3B). These
experiments demonstrated that EEA.1sh can be used as a
sensor of Rab5-GTP in endosomes of living cells.
Interestingly, FRE¥ signals were concentrated in the
confined domains of the endosomal membrane (Fig. 3C),
which is consistent with sub-compartmental organization of
Rab5/EEA.1 complexes in endosomes (de Renzis et al., 2002).

Negative control: cells expressing proteins that are colocalized but do notBy contrast, R5BD-YFP/Rab5 FRETvas observed along all

FRET.

SDefined cell regions with the molar ratio of CFP/YFP fluorescence from

1-2 were used for calculations.

membrane of endosomes, suggesting that Rab5-GTP is present
on endosomal membrans in significant amounts outside of

IMeasurements were performed for whole cells as described in Materials ‘Rab5/EEA.1 domains’. Thus, EEA.1sh does not detect all

and Methods.

activated Rab5 and is, therefore, a less useful sensor for Rab5
activity. Moreover, because EEA.1sh contains a FYVE
domain, it was associated with endosomes even in the presence

fluorescent protein attached to the N-terminus of Rab5 is iof the Rab5(S34N) mutant, albeit at a lesser extent than in the
close proximity to, and oriented favorably for, FRET with theabsence of Rab5(S34N) (Fig. 3B).
C-terminus of Rabaptin5 but not theN-terminus of Rabaptin5.

Because the intensity of energy transfer depends of the ) ) o
amounts of donor and acceptor capable of interaction, FRETRab5 influence on EGF receptor internalization
values were divided by the product of YFP and CFP intensitieBhe role of Rab5 in endosomal fusion is well established in
on a pixel-by-pixel basis to obtain normalized FRET studies in vitro and in vivo (Stenmark and Olkkonen, 2001;
(FRETN) values for individual endosomes and various regiongerial and McBride, 2001). The sites of Rab5 action during
of the cells (see Materials and Methods). FRETN valueslathrin-mediated endocytosis remain to be defined. We
correlate with the equilibrium binding constant for theexamined the ability of CFP-Rab5 mutants to influence EGF
measured interaction and may, therefore, serve as a measureagfeptor endocytosis in PAE cells. Because only a fraction of
the relative affinity of the interaction (Gordon et al., 1998).the PAE/EGFR cell population expressed Rab5 fusion proteins
FRETN values in cells expressing R5BD-YFP/CFP-Rab5 wera significant amounts, single cell microscopy analysis of EGF-
similar to these values in cells expressing R5BD-YFP/CFPRh endocytosis was utilized. PAE/EGFR cells overexpressing
Rab5(Q79L) and were significantly higher than in cellsSCFP-Rab5 or its mutants were stimulated with 1 ng/ml EGF-
expressing R5BD-YFP/CFP-Rab5(S34N) or YFP-R5BD/CFPRh for 10 minutes at 37°C. Under these conditions, about 70-
Rab5 (Table 1). The negative FRETN values obtained foB0% of EGF-Rh/receptor complexes are internalized (Jiang et
control CFP-YFP pairs are owing to slight overestimation ofl., 2003). A low concentration of EGF-Rh was used to avoid

the bleed-through coefficients during FREGalculations (see
Materials and Methods).

potential saturation of the clathrin-dependent endocytic
pathway (Sorkina et al., 2002). The cells were also co-

As an additional control to confirm that R5BD-YFP transfected with th@2 subunit of the clathrin adaptor AP-2
localization and interactions in endosomes are specific faomplex (2-YFP), a marker of clathrin pits and vesicles
Rab5, the CFP-Rab4 fusion protein was transiently cofSorkina et al., 2002). The localization of EGF-Rh relative to
expressed with R5BD-YFP in PAE/EGFR cells. As shown irRab5 and coated pits was then examined by direct fluorescence
Fig. 3A, the R5BD-YFP fusion protein was not associated witlof labeled proteins to circumvent problems arising from cell

Rab4-containing endosomes and no FRESignal was

permeabilization and the use of immunostaining.

observed. Taken together, the data presented in Figs 2 and 3AA microscopic analysis revealed that EGF-Rh/receptor
show that R5BD-YFP can serve as a specific sensor molecudemplexes were colocalized with CFP-Rab5 (Fig. 4A) or

for detecting Rab5 activity in living cells.

Detection of Rab5 interaction with EEA.1sh by FRET

CFP-Rab5(Q79L) (data not shown) in endosomes. A small
amount of EGF-Rh was also found colocalized @iZAYFP.
By contrast, in cells overexpressing the CFP-Rab5(S34N)

fusion protein, very little, if any, EGF-Rh was seen in

To test whether the EEA.1 Rab5-binding domain can serve darge vesicular structures (Fig. 4A). Instead, EGF-Rh was
a sensor for Rab5-GTP, YFP-EEA.1sh protein was coeoncentrated in small dots often colocalized \@2hY FP dots
expressed with CFP-Rab5 in PAE/EGFR cells. Both proteins the bottom and top optical sections of the cells. This pattern

were well colocalized in endosomes (Fig. 3B). Mutation ofof EGF-Rh distribution

His1372 to tyrosine in the PtdinsBpinding pocket of the

in cells overexpressing CFP-
Rab5(S34N) was reminiscent of EGF-Rh distribution in cells

FYVE domain (Kutateladze and Overduin, 2001) prevente@xpressing the dominant-negative K44A dynamin-2 mutant.
endosomal targeting of YFP-EEA.1sh, thus confirming thaThe K44A mutant is incorporated into coated pits and blocks
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CFP-Rab4 R5BD-YFP ‘RETC Fig. 3. Specificity of R5BD-YFP and YFP-

i EEA.1sh sensors for Rab5. (A) CFP-Rab4 was
co-expressed with R5BD-YFP or YFP-EEA.1sh
in PAE/EGFR cells. (B) CFP-Rab5 or CFP-
Rab5(S34N) were co-expressed with YFP-
EEA.1sh in PAE/EGFR cells. YFP, CFP and
FRET images were obtained from living cells at
N : RT. FRET images were calculated as described
CFP-Rab4 YFP-EEAlsh "RE’ in Materials and Methods, and presented as
pseudocolor images. A.l.u.f.i., arbitrary linear
units of fluorescence intensity. Bars (A and B),
10 um. (C) Gallery of high-magnification
images shows individual endosomes or tethered
endosomes in cells co-expressing CFP-
Rab5(Q79L) and YFP-EEA.1sh or R5BD-YFP.
FRET images are presented as pseudocolor
intensity-modulated images (FRECFP). Bar,

YFP-EEAlsh FRE C 2um.

localization of Rab5 fusion proteins and
their activity by fluorescence microscopy
in several types of cells revealed that Rab5
was exclusively localized to endosomes
. — (Figs 2-4). However, the sensitivity of our
CFP-Rab5(S34N) YFP-EEAIsh FRET' imaging system might not be sufficient to
e - : detect small amounts of Rab5 in the plasma
‘U ‘ membrane. We therefore tested whether

o ' Rab5 can be activated when targeted to

the plasma membrane and whether a
£  dominant-negative mutant of plasma-
membrane-targeted Rab5 is an effective
inhibitor of endocytosis. To this end, a
CFP-RabS(Q79L) chimeric Rab5 protein was gengrated, in which 20 C-

E- terminal amino acid residues of K-Ras4B were fused to
Rab5 (Rab5-CAAX, Fig. 5A). These residues of K-Ras4B

= .
Aluf L

CFP-Rab5(Q79L)

VFP-EEA.1sh R5BD-YFP include the CAAX motif and a pol_y!ysine sequence that were
e L~~~ shown to be necessary and sufficient for targeting of K-Ras
u E to the plasma membrane (Hancock et al., 1990; Prior et al.,
. 2001; Reuther and Der, 2000). CFP-Rab5-CAAX expressed

FRETS/YFP FRET /YFP in PAE cells was predominantly targeted to the plasma

. membrane, although a small pool of the chimeric protein
!- . ] Bt was localized to the endomembrane system. Interestingly,
cells overexpressing CFP-Rab5(Q79L)-CAAX had numerous
ruffles and pseudopodia that were illuminated by the
Rabb fusion protein (Fig. 5B). CFP-Rab5(S34N)-CAAX was
endocytosis by affecting the constriction of the coat (Damkalso located mostly at the plasma membrane (see below,
et al., 1994). Accordingly, EGF-Rh was not accumulated irFig. 6).
endosomal compartments but remained colocalized with To test whether CFP-Rab5-CAAX is present in a GTP-
Dynamin-K44A-GFP at the plasma membrane (Fig. 4B)bound form, a FRET assay, described above (Figs 2 and 3),
These data suggest that CFP-Rab5(S34N), similar to theas utilized. CFP-Rab5(Q79L)-CAAX was co-expressed with
K44A dynamin mutant, slows down the endocytosis of EGRR5BD-YFP or YFP-EEA.1sh, respectively. R5BD-YFP was
receptors by inhibiting the movement of receptors from coatedell colocalized with CFP-Rab5(Q79L)-CAAX in the plasma
structures to endosomes. membrane, particularly in ruffle-like structures, where a strong
positive FREF signal was detected (Fig. 5B, Table 1). Similar
] colocalization and energy transfer were observed in cells
Targeting of Rab5 to the plasma membrane expressing wild-type CFP-Rab5-CAAX and R5BD-YFP,
The dominant-negative effect of CFP-Rab5(S34N) oralthough the extent of colocalization and FREIgnals were
clathrin-dependent endocytosis could be mediated directly bgss than in cells expressing CFP-Rab5(Q79L)-CAAX (data
sequestering Rab5-regulating proteins, such as GEFspt shown). As expected, membrane recruitment of R5BD-
operating at the plasma membrane or indirectly, througlYFP protein in cells expressing CFP-Rab5(S34N)-CAAX was
effects on sorting processes in endosomes. Inspection of thet observed (data not shown).
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Fig. 4. Effect of Rab5 mutant
overexpression on EGF receptor :
internalization. (A) Wild-type CFP-Rab5 i -
(wt) and CFP-Rab5(S34N) mutant were 5 :
transiently co-expressed wifi2-YFP in S
PAE/EGFR cells. The cells were incubat ;
with 1 ng/ml EGF-Rh for 10 minutes at _
37°C and fixed. EGF-Rh, YFP and CFP  |UkECECEatY
were detected using Cy3, YFP and CFP -
filter channels. Optical sections from the
bottom of the cells are shown. “Yellow’
signifies colocalization of YFP and
rhodamine fluorescence. ‘Cyan’ signifies
colocalization of CFP and rhodamine
fluorescence. Insets show an enlargeme
the outlined regions. An additional inset
(lower panelB2-YFP image) shows the
merge image of EGF-Rh afi@-YFP, in
which the EGF-Rh image (red) was left-
shifted 4 pixels (250 nm) to allow better
visualization of colocalization of red and
green dots. The arrow points to a cell the
does not express CFP-Rab5(S34N) and
displays typical endosomal localization o
EGF-Rh. The images are representative
at least four independent experiments. B
10pum. (B) GFP-dynamin mutant
(DynK44A) was transiently expressed in
PAE/EGFR cells. Cells were incubated with 1 ng/ml EGF-Rh for 10 minutes at 37°C. EGF-Rh and GFP-dynamin were detectecansing Cy3
GFP filter channels. Insets show an enlargement of the outlined regions. ‘Yellow’ signifies colocalization of GFP and rhodessgende.

The images are representative of at least four independent experiments.|Bar, 10

CFP-Rabswt __

When Rab5(Q79L)-CAAX was co-expressed with YFP-EGF-Rh did not display significant accumulation in endosomes
EEA.1sh, the colocalization and interaction of the two proteingFig. 6). Instead, most of EGF-Rh was concentrated in small
were observed only in endosomal structures (Fig. 5B). Ndots distributed throughout the cell and often colocalized with
plasma membrane localization of YFP-EEA.1sh was observe@2-YFP. Essentially, similar results were obtained when the
These data suggest that the FYVE domain bears the primaciathrin light chain A tagged with YFP (YFP-&) was used
endosome-targeting signal of EEA.1, whereas the interactioms a marker of coated pits and vesicles (Fig. 7). These data
with Rab5 might play an additional role in the formation ofindicated that the CFP-Rab5(S34N)-CAAX chimera, similar to
Rab5/EEA.1 complexes. The data presented in Fig. 5B indicat@éFP-Rab5(S34N) and K44A dynamin (Fig. 4), inhibits the
that CFP-Rab5-CAAX binds R5BD and EEA.1sh in a GTP-steps of the endocytic process after receptor recruitment and
dependent manner, suggesting that Rab5-CAAX is capable b&fore uncoating of the coated vesicle and its fusion with
GTP binding and, therefore, interaction with the plasmandosomes.
membrane and cytosolic Rab5 effectors. To test whether Rab5(S34N)-CAAX specifically affects

EGF receptor endocytosis or also inhibits endocytosis of other
) cargo through the clathrin pathway, the internalization of
Influence of Rab5-CAAX on clathrin-dependent transferrin receptors was analyzed. The inhibitory effect of
internalization Rab5(S34N) mutant on transferrin uptake was previously
To test whether CFP-Rab5-CAAX overexpression influenceseported (Barbieri et al.,, 2000; Stenmark et al., 1994) and
EGF receptor internalization through clathrin-coated pitspbserved in our experiments (data not shown). As shown in
PAE/EGFR cells were transiently transfected with wild-type oiFig. 8A, Tfr-TR (5pg/ml) did not accumulate in endosomes
mutant CFP-Rab5-CAAX. The cells were also co-transfectedf PAE cells expressing CFP-Rab5(S34N)-CAAX. Most of
with B2-YFP to mark coated pits. Fig. 6 demonstrates thaflfr-TR was located in small dots distributed throughout the cell
after incubation of cells expressing wild-type CFP-Rab5{Fig. 8A). Several examples of colocalization of Trf-TR and
CAAX or CFP-Rab5(Q79L)-CAAX mutant with 1 ng/ml p2-YFP are shown in Fig. 8B. Although not BR-YFP dots
EGF-Rh for 10 minutes at 37°C, EGF-Rh was accumulated icontained Trf-TR, most Trf-TR dots overlapped vt YFP-
endosomes. Endosomes were often concentrated in thebeled coated pits.
perinuclear area, and occasionally contained CFP-Rab5-By contrast, Trf-TR was rapidly internalized into
CAAX but did not overlap withB2-YFP. There was no endosomal structures and often accumulated in the juxta-
difference in the pattern of EGF-Rh distribution between Rab55olgi recycling compartment in cells expressing wild-type
CAAX-expressing and not expressing cells. CFP-Rab5-CAAX (Fig. 8A). After 10 minutes of continuous
By contrast, in cells expressing CFP-Rab5(S34N)-CAAX nternalization, very little, if any, Trf-TR was detected in
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WB: anti-Rab5
A kDa

Fig. 5. Detection of Rab5-CAAX activity 56.9— mana < (Cij Rabs CAnx]
in the plasma membrane. (A) Schematic
representation and immunodetection of 70 o I B
fusion proteins. Depicted is CFP-Rab5 e %= Rabs
protein fused to the 20-residue CAAX
module of K-Ras4B at the C-terminus s

LoV e
(CFP-Rab5-CAAX). PAE/EGFR cells Q' e

transiently expressing CFP-Rab5-CAAX or B
its mutants, Q79L and S34N, were lysed, _
and the CFP-fusion proteins present in CFP-Rab5-CAAX(QTIL) R5SBD-YFP FRETS/CFP
lysates were detected by western blotting :
with anti-Rab5 antibodies. All fusion
proteins migrated on SDS-PAGE according
to predicted molecular masses. (B) CFP-
Rab5(Q79L)-CAAX was co-expressed

with R5BD-YFP or YFP-EEA.1sh in
PAE/EGFR cells. YFP, CFP and FRET
images were obtained as in Fig. 2.
Calculated FRET images presented as
pseudocolor intensity-modulated images
(FRETC/CFP) (see Materials and
Methods). Insets show an enlargement of
the outlined regions. Arrows point to the
absence of YFP-EEA.1sh associated with
CFP-Rab5(Q79L)-CAAX at the plasma
membrane. A.l.u.f.j arbitrary linear units

of fluorescence intensity. Bars, fifh.

coated pits labeled H§2-YFP. There was no difference in the Discussion

pattern of Tfr-TR distribution between CFP-Rab5-CAAX- A growing number of studies have explored the potential of
expressing and not expressing cells. Altogether, the datRET microscopy to visualize interactions of proteins in living

presented in Figs 6-8 indicate that the CFP-Rab5(S34Ngells (Zhang et al., 2002). FRET-based genetically encoded
CAAX chimera does not prevent the recruitment of cargo int@ensors have been developed to visualize the activities of
coated pits but slows down the late stages of clathrin-mediatéctracellular enzymes, including small GTPases of the Ras
endocytosis. superfamily (Hahn and Toutchkine, 2002). Two types of

Fig. 6. Effect of CFP-Rab5-CAAX on EGF - .
receptor endocytosis. CFP-Rab5-CAAX,  hebbEiLEgeiEas
CFP-Rab5(Q79L)-CAAX and CFP-
Rab5(S34N)-CAAX were transiently co-
transfected wit82-YFP in PAE/EGFR
cells. The cells were incubated with 1 ng/m_

EGF-Rh B2-YFP Merge

EGF-Rh for 10 minutes at 37°C and fixed.
EGF-Rh, YFP and CFP were detected usin

sectlons close to the bottom of the cell are
shown. ‘Yellow’ signifies colocalization of
YFP and rhodamine fluorescence. ‘Cyan’
signifies colocalization of CFP and
rhodamine fluorescence. Insets show an
enlargement of the outlined regions.
Additional insets (lower paneB2-YFP
image) show the merge images of EGF-Rh CFP-Rs
andf32-YFP, in which the EGF-Rh image
(red) was right-shifted 4 pixels (250 nm) to
allow better visualization of colocalization
of red and green dots. The arrows point to &
cell that does not express CFP-Rab5(S34N
CAAX and that displays typical endosomal

.1hi($4N'i—(".-\:\X EGF-Rhg# B2-YFP

of EGF-Rh with CFP-Rab5(Q79L)-CAAX m -
and CFP-Rab5-CAAX in endosomes is seen
as ‘donut-shape’ structures. Bar, |1M. Red 250 nM
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CFP-Rab5-CAAX

Fig. 7. Colocalization of clathrin and EGF .
Rh in cells expressing the dominant- a-'
negative Rab5-CAAX mutant. CFP-Rabt 74
CAAX and CFP-Rab5(S34N)-CAAX wer
transiently co-transfected with YFP-wlin  [SIETEEEDGE o V- all i) 8:1
PAE/EGFR cells. The cells were incubat: U
with EGF-Rh as in Fig. 6. EGF-Rh, YFP or
and CFP were detected using Cy3, YFP
CFP filter channels. ‘Yellow’ signifies
colocalization of YFP and rhodamine
fluorescence, whereas ‘cyan’ signifies
colocalization of CFP and rhodamine
fluorescence. Insets show an enlargeme

the outlined regions. Additional insets - -
below the YFP image show the merge “ -
image of EGF-Rh anf2-YFP, in which the Red 25'“ oM

EGF-Rh image (red) was right-shifted 4
pixels (250 nm) to allow better visualization of colocalization of red and green dots. The arrows show an example of E&Rig-con
endosomes in a cell that does not express CFP-Rab5(S34N)-CAAX.

strategies were employed to design these molecular senso@lPase alters FRET efficiencies between CFP and YFP owing
both relying on monitoring the interaction between a fragmerto the interaction between the GTPase and an effector (Jiang
of the effector molecule binding to a GTPase and a GTPasad Sorkin, 2002; Kraynov et al., 2000) or conformational
itself. These two proteins were either co-expressed in the calhanges within the hybrid sensor (Mochizuki et al., 2001).

as YFP- and CFP-fusion proteins, or linked together in one These FRET sensors have been used primarily to study small
hybrid molecule flanked by YFP and CFP. GTP loading of &TPases, such as Ras, Rapl and Rac, participating in signal
transduction. Hence, we developed a
FRET-based assay to visualize the
CFP-Rab5-CAAX Tfr-TR 32-YEE Merge activity of Rab5, a GTPase that regulates

i endocytic trafficking. The design of the
Rab5-GTP sensor (R5BD-YFP) was
based on the information provided by in
vitro experiments, which defined the
part of Rabaptin5 molecule binding to
Rab5 (Vitale et al.,, 1998). In FRET
experiments, the expression of wild-type
CFP-Rab5 or constitutively active CFP-
Rabb5 led to binding of a pool of R5BD-
YFP to endosomes and an energy
transfer from CFP-Rab5 to R5BD-YFP

in endosomes. Comparable FRETN
values were obtained for wild-type and

wr the Q79L mutant of Rab5, suggesting
B 250 nM that the architecture of the complexes of
both Rab5 forms with effectors is

Fig. 8. The effect of CFP-Rab5-CAAX proteins on similar
transferrin endocytosis. (A) CFP-Rab5-CAAX or CFP- ) .
Rab5(S34N)-CAAX were transiently co-expressed with The_ endosomal localization of RSBD-
B2-YFP in PAE/EGFR cells. The cells were incubated YFP, in the absence of heterologously
with 5 pg/ml Trf-TR for 10 minutes at 37°C and fixed. €xpressed Rab5, would be an indicator
Tfr-TR, YFP and CFP were detected using Cy3, YFP of the endogenous GTP-bound Rab5.
and CFP filter channels. ‘Yellow’' signifies colocalizationHowever, in our experiments, R5BD-
of YFP and rhodamine fluorescence, whereas ‘cyan’ YFP was not detected in endosomes in
signifies colocalization of CFP and rhodamine fluorescence. Insets show an enlargement ghi@eabsence of Rab5 overexpression in
outlined regions. Additional inset (low panel, YFP image) shows the merge image of Trf-TRyjther A-431, Hela or PAE cells (Fig.
and[32-\_(FP, in WhICh the Trf-TR image (red) was right-shifted 4 plxels_ (25_0 nm) to allow 1B). This could be because of low
better visualization of the overlap of red and green dots. The rhodamine image (low panell)_ig< ression levels of endogenous Rab5
shown overexposed to visualize low levels of Trf-TR fluorescence in the cell expressing C P . 9 .
Rab5(S34N)-CAAX. This resulted in saturation of intense endosomal signals of Trf-TR in and/or competition O,f RSBD-YFP with
neighboring cells not expressing CFP-Rab5(S34N)-CAAX. BapMO(B) Gallery of high- endogenous Rabaptin5 and other Rab5-
magnification images from several cells expressing CFP-Rab5(S34N)-CAAX and treated lifiling proteins for interaction with
(A) that show Tfr-TR colocalization witB2-YFP. Rab5-GTP. Interestingly, R5BD-YFP
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did localize to endosomes when CFP-EEA.1sh was alsBab5(S34N) or Rab5(S34N)-CAAX, suggesting that Rab5
expressed (Fig. 1C). Presumably, the accumulation of CFRloes not control early stages of endocytosis, such as coat
EEA.1sh in endosomes elevated the concentration of GTRssembly and cargo recruitment. Both dominant-negative Rab5
loaded Rab5 in endosomes. This could be accomplished lyutants prevented the movement of receptors from clathrin-
driving the equilibrium between GTP- and GDP-bound formsand AP-2-positive structures to endosomes. Although we
of Rab5 towards GTP-binding through the direct interaction o€annot formally rule out the possibility that these structures
Rab5-GTP with the EEA.1sh protein or indirectly, via otherrepresent post-endocytic coated vesicles, we believe that these
proteins of the fusion complex. This observation is consisterstructures are coated pits. First, the pattern of distribution and
with a positive feedback mechanism involved in ‘Rab5the number of32-YFP and YFP-Ch positive dots per cell
microdomain’ formation (Zerial and McBride, 2001). were essentially similar in cells expressing or not expressing

Another Rab5-GTP sensor was generated on the basis of tRab5 mutants. This pattern was qualitatively and quantitatively
Rab5-binding portion of the EEA.1 molecule (YFP-EEA.1sh).identical to the distribution of coated pits observed when
This probe was somewhat less useful for detecting theeceptors are accumulated in the coated areas under conditions
localization of active Rab5 because YFP-EEA.1sh localizatiorestricting endocytosis at 4°C (Sorkina et al., 2002) or in the
in endosomes was dependent mainly on its FYVE domaipresence of the K44A mutant dynamin (Fig. 4B). Second,
rather than on the interaction with Rab5 (Dumas et al., 2001ime-lapse imaging revealed that clathrin and AP-2-positive
Gaullier et al., 2000; Kutateladze and Overduin, 2001)dots are virtually immobile (data not shown), which is a
However, this sensor was used for visualization of Rab5-GTPharacteristic of coated pits but not of vesicles (Gaidarov et al.,
in active Rab5 microdomains, which were typically 1999). Third, the endocytosis process was blocked at a stage
concentrated in sites of endosomal tethering and where FREpFior to clathrin uncoating, an event immediately following
between Rab5 and EEA.1sh was especially evident (Fig. 30J)esicle budding and necessary for fusion with endosomes.
Rab5-R5BD complexes were also concentrated at fusion siteSince, to our knowledge, no data are available that implicate
However, FRET signals between Rab5 and R5BD were moiRab5 or any other Rabs in the regulation of coat release, the
equally distributed on the endosomal membrane and lesdock of endocytosis by Rab5 mutants is likely to occur
enriched in the ‘active domains’ compared with the EEA.lupstream of the uncoating and fusion steps. Therefore, the
sensor, suggesting that the distribution of active Rab5 is nathibition of endocytosis by the Rab5 mutant at the stage of
limited to the endosome fusion complexes. For instance, activesicle formation from coated pits is the most probable
Rab5 might be incorporated into Rabenosyn5-Rab4-Rab&xplanation for our data presented in Figs 4, 6-8. However,
complexes outside of EEA.1-containing domains (de Renzis electron microscopy analysis would be necessary to determine
al., 2002). the precise site of Rab5 mutant action.

The FRET-based sensors, described above, are useful in theThe fact that Rab5(S34N)-CAAX mutant is an effective
visualization of cellular localization of active GTP-bound Rab5nhibitor of internalization suggested that GDP-bound Rab5
during signaling processes. In this regard, they are likely to bects on clathrin-mediated endocytosis through sequestering
helpful in elucidating the in vivo functions of Rab5. In this regulators of Rab5, probably GEFs, or regulators common to
work, we used the R5BD-YFP sensor to demonstrate thR@ab5 and other homologous Rab GTPases. Such regulators
activity of Rab5-CAAX, a chimeric protein that was targetedmust be either cytosolic or associated with the plasma
to the plasma membrane (Fig. 5). This chimera was created neembrane rather than located on endosomal membranes. Our
amplify the pool of Rab5 at the plasma membrane and texperiments also suggest that the inhibitory effect of the mutant
provide insight into the mechanisms by which Rab5 controlss not mediated by Rab5-GDI because Rab5-CAAX is
endocytosis through clathrin-coated pits. Earlier electromnchored to the membrane, lacks isoprenylation and is
microscopy studies reported the detection of a small Rab5 powmicapable of the interaction with Rab5-GDI (Sanford et al.,
at the plasma membrane (Chavrier et al., 1990). Studies usii§95).
subcellular fractionation revealed the presence of Rab5 in Interestingly, expression of constitutively active CFP-
clathrin-coated vesicles (Bucci et al., 1992). On the basis of iRab5-CAAX resulted in extensive membrane motility.
vitro organelle fusion experiments, it was proposed that &RETC signals were detected mainly in numerous ruffles and
GDP-loaded Rab5(S34N) mutant inhibited endocytosis bpseudopodia, which are areas of increased actin cytoskeleton
blocking the fusion of coated vesicles with early endosomedynamics (Fig. 5). It is therefore possible that Rab5-
(Bucci et al., 1992; Stenmark et al., 1994). However, otheGTP-CAAX recruits proteins involved in the regulation of
studies did not reveal the presence of endogenous aortical cytoskeleton dynamics (Jeng and Welch, 2001). For
transfected Rab5 in coated vesicles (Barbieri et al., 2000nstance, phosphoinositide 3-kinases (P13 kinases) are
Also, the effect of Rab5(S34N) on internalization ratesputative effectors of Rab5 (Li et al., 1995) and the elevated
measured by the accessibility of ligand-receptor complexes tecruitment of P13 kinases to the plasma membrane by Rab5-
acidic wash stripping (Barbieri et al., 2000) is not consistenCAAX might increase Ptdins(B) levels to effect actin
with the model that this mutant blocks the fusion step after thepolymerization locally. Overexpression of Rab5(Q79L) leads
sequestration of complexes in coated vesicles. On the basistof acceleration of pinocytosis, a process that is associated
the latter report and in vitro endocytosis assays, the hypothesisth increased actin dynamics (Dharmawardhane et al., 1997,
was put forward that Rab5 is involved in the receptolee and Knecht, 2002). The effects of Rab5(Q79L)-CAAX
recruitment into coated pits (Barbieri et al., 2000) and/or coatn membrane motility might be an amplification of similar
assembly (McLauchlan et al., 1998). effects of the analogous Rab5 mutant. Collectively, our

In our experiments, EGF and transferrin receptors werexperiments suggest that plasma-membrane-targeted Rab5 is
efficiently recruited into coated pits in cells overexpressingapable of interaction with at least a subset of its regulators
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and effectors. By contrast, effectors with strong targetingiahn, K. and Toutchkine, A. (2002). Live-cell fluorescent biosensors for
signals of their own, such as EEA.1, did not follow active activated signaling protein€urr. Opin. Cell Biol.14, 167-172.

Rab5-CAAX to the plasma membrane. Moreover increaseaancock, J. F., Paterson, H. and Marshall, C. J1990). A polybasic domain
’ . or palmitoylation is required in addition to the CAAX motif to localize

ruffling activity in cells overexpressing Rab5-CAAX might 55145 10 the plasma membragell 63, 133-139.

indicate that this chimeric protein binds to additionalHoriuchi, H., Lippe, R., McBride, H. M., Rubino, M., Woodman, P.,
effectors specific to a plasma membrane Rab5 but not toStenmark, H., Rybin, V., Wilm, M., Ashman, K., Mann, M. et al.(1997).
endosomal Rab5. A novel Rab5 GDP/GTP exchange factor complexed to Rabaptin-5 links

) . i itment and func@eil 90, 1149-
In conclusion, we have established a new FRET-based assaﬂ‘l’glgeonde exchange to effector recruitment and func

for monitoring Rab5 .aCtiVity in Ii\(ing. cells that should be ajeng, R. L. and Welch, M. D.(2001). Cytoskeleton: actin and endocytosis —
useful tool for analyzing the localization of GTP-bound Rab5 no longer the weakest linkcurr. Biol. 11, R691-R694.

in living cells. We also demonstrated that overexpression of #2ng, X. and Sorkin, A.(2002). Coordinated traffic of Grb2 and Ras during

; _ : epidermal growth factor receptor endocytosis visualized in living dédk.
dominant-negative Rab5 mutant at the plasma membraneBiol' Cell 13, 1522-1535.

inhibits the late stages of clathrin-mediated endocytosis. Fututgng . Huang, F., Marusyk, A. and Sorkin, A.(2003). Grb2 regulates

studies will be necessary to define the molecular mechanismsnternalization of EGF receptor through clathrin-coated Mts. Biol. Cell

and protein-protein interactions that underlie the possible role 14, 858-870. _

of Rab5 in this step of endocytosis Kirchhausen, T. (2000). Three ways to make a vesidiat. Rev. Mol. Cell.
’ Biol. 1, 187-198.
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