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The Eps15 homology (EH) domain-containing protein,
EHD1, has recently been ascribed a role in the recyc-
ling of receptors internalized by clathrin-mediated
endocytosis. A subset of plasma membrane proteins
can undergo internalization by a clathrin-independent
pathway regulated by the small GTP-binding protein
ADP-ribosylation factor 6 (Arf6). Here, we report that
endogenous EHD proteins, as well as transgenic
tagged EHDI1, are associated with long, membrane-
bound tubules containing Arf6. EHD1 appears to
induce tubule formation, which requires nucleotide
cycling on Arf6 and intact microtubules. Mutations in
the N-terminal P-loop domain or deletion of the
C-terminal EH domain of EHD1 prevent association
of EHD1 with tubules or induction of tubule forma-
tion. The EHD1 tubules contain internalized major
histocompatibility complex class I (MHC-I) molecules
that normally traffic through the Arf6 pathway.
Recycling assays show that overexpression of EHD1
enhances MHC-I recycling. These observations
suggest an additional function of EHD1 as a tubule-
inducing factor in the Arf6 pathway for recycling of
plasma membrane proteins internalized by clathrin-
independent endocytosis.
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Introduction

Endocytic receptors such as the epidermal growth factor
(EGF) receptor and the transferrin receptor contain signals
within their cytoplasmic domains that mediate their
rapid internalization from the plasma membrane (for
reviews see Trowbridge et al., 1993; Bonifacino and
Dell’ Angelica, 1999). Internalization of these receptors is
effected by a complex molecular machinery comprising
clathrin and various clathrin-associated proteins (for
reviews see Kirchhausen, 2000; Brodsky et al., 2001).
These proteins assemble on the cytoplasmic face of the
membrane to form a supramolecular complex known as a
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clathrin coat, which recruits the plasma membrane
receptors by virtue of interactions with their endocytic
signals. Clathrin-coated domains of the plasma membrane
undergo invagination and eventually pinch off as clathrin-
coated vesicles. These vesicles carry the internalized
receptors to the early endosomal system, from where some
receptors (e.g. the EGF receptor) are targeted to late
endosomes and then lysosomes for degradation, while
others (e.g. the transferrin receptor) are recycled back to
the plasma membrane via a morphologically distinct
organelle known as the endosomal recycling compartment
(ERC) (for a review see Gruenberg and Maxfield, 1995).

Many other plasma membrane proteins lack conven-
tional endocytic signals, but can nonetheless undergo
internalization via clathrin-independent pathways (for a
review see Nichols and Lippincott-Schwartz, 2001). The
mechanisms involved in clathrin-independent endocytosis
are not well understood. Among the mechanisms that have
been invoked for this type of internalization are uptake
through non-coated invaginations of the membrane known
as caveolae (Kurzchalia and Parton, 1999), endocytosis via
lipid rafts (Nichols er al., 2001), micropinocytosis
(Lamaze and Schmid, 1995) and macropinocytosis
(Hewlett et al., 1994). The endocytosis of the bulk of
plasma membrane proteins devoid of conventional endo-
cytic signals, such as the interleukin-2 (IL-2) receptor
o subunit (Tac), class I molecules of the major
histocompatibility complex (MHC-I), B1-integrin, CDla,
plakoglobin and cadherins, appears to occur along a
pathway regulated by the small GTP-binding protein
ADP-ribosylation factor 6 (Arf6) (Radhakrishna and
Donaldson, 1997; Sugita et al., 1999; Brown et al.,
2001). Hydrolysis of GTP on Arf6 is required for
completion of the internalization step, while exchange of
GTP for GDP allows for the return of the internalized
proteins to the plasma membrane. The proteins inter-
nalized by this pathway have been shown to pass through a
tubular endosomal compartment distinct from the ERC on
their way back to the plasma membrane (Radhakrishna
and Donaldson, 1997).

The molecular mechanisms involved in the recycling of
proteins internalized by either clathrin-dependent or
clathrin-independent endocytosis remain to be elucidated.
Recently, a protein known as RME-1 in Caenorhabditis
elegans and its human ortholog, EHDI1, have been
implicated in the return to the cell surface of proteins
internalized by clathrin-dependent endocytosis (Grant
et al.,2001; Lin et al., 2001). EHD1 is one of four closely
related paralogs expressed ubiquitously in human cells, the
other three being EHD2, EHD3 and EHD4 (Mintz et al.,
1999; Pohl et al., 2000). All members of this family
comprise three domains: an N-terminal P-loop domain
containing nucleotide-binding motifs; a central region
with high probability of forming coiled coils; and a
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Fig. 1. EHD1 domain organization and homology to GTP-binding
proteins. A schematic representation of human EHD1. EHD1 comprises
an N-terminal P-loop, a central coiled coil and a C-terminal EH do-
main. EHD1 motifs that conform to polypeptide loops involved in GTP
binding are shown at amino acids 65-72 (G1) and 217-222 (G4). Note
that G2 and G5 motifs (which are more heterogeneous) have not been
identified in EHDI, and a sequence with low homology to the G3 motif
consensus is found between amino acids 351 and 358 (data not shown).
The G1 and G4 amino acid sequences of EHDI are aligned with those
of the GTP-binding protein H-Ras, and with a consensus sequence for
Ras-family GTP-binding motifs. X represents any amino acid; @ repre-
sents a bulky hydrophobic amino acid.

C-terminal Eps15-homology (EH) domain (Mintz et al.,
1999; Pohl et al., 2000; Figure 1). Mutation or RNAi-
mediated interference of RME-1 in C.elegans inhibited the
uptake of yolk protein bound to the vitellogenin receptor in
developing oocytes (Grant et al., 2001), a process known
to be dependent on clathrin (Grant and Hirsh, 1999). This
endocytic defect seemed to be secondary to an inability to
recycle internalized proteins from the ERC to the plasma
membrane (Grant et al., 2001). Experiments using
expression of a dominant-negative EHD1 construct in
Chinese hamster ovary (CHO) cells provided additional
evidence for a role of EHDI1 in recycling to the plasma
membrane. The mutant EHD1 was found to cause
dispersal of the ERC and inhibition of transferrin receptor
recycling to the plasma membrane (Lin et al., 2001). Thus,
EHDI1 is likely to be a component of the molecular
machinery responsible for the return of endocytic
receptors to the plasma membrane. A role for EHD1 in
the regulation of signaling by insulin-like growth factor
receptor 1 has also been proposed (Rotem-Yehudar et al.,
2001). The possible involvement of EHD1 in the recycling
of membrane proteins internalized by clathrin-independ-
ent pathways, however, remains to be investigated.

Here we show that endogenous EHDI1 and Myc-
epitope- or GFP-tagged EHD1 expressed by transfection
into various cell lines localize to an array of long tubular
structures emanating from the juxtanuclear area towards
the periphery of the cells. The tubules themselves are
relatively stable, although the association of EHDI1 with
them is dynamic. Mutations in the predicted nucleotide-
binding region or deletion of the EH domain of EHDI1
prevent its association with the tubules. Interference with
the Arf6 GTP-GDP cycle causes disruption of the EHD1-
containing tubules. Moreover, the tubules contain associ-
ated Arf6 and internalized MHC-I being recycled to the
plasma membrane. Finally, overexpression of EHDI
enhances the rate of MHC-I recycling to the plasma
membrane. These observations indicate that EHDI1 par-
ticipates in the Arf6-regulated pathway for the recycling of
plasma membrane proteins internalized by clathrin-inde-
pendent endocytosis. Thus, EHD1 may be involved in
various pathways of protein recycling to the plasma
membrane.

2558

Results

Association of EHD1 with cytoplasmic tubules
To address the role of EHDI1 in clathrin-independent
endocytosis and recycling, we utilized HeLa cells, which
have been shown to maintain distinct recycling compart-
ments for proteins internalized by clathrin-dependent and
-independent endocytosis (Radhakrishna and Donaldson,
1997; N.Naslavsky, R.Weigert and J.G.Donaldson, sub-
mitted). The expression and distribution of EHD proteins
in HeLa cells was assessed using a polyclonal antibody to
recombinant EHD1. This antibody is likely to recognize
all four members of this family in human cells (EHD1-4),
due to their high degree of sequence identity (Pohl et al.,
2000). Untransfected HeLa cells (Figure 2A, Pl and UT) or
HeLa cells transfected with a construct encoding
GFP-EHD1 (Figure 2A, T) were subjected to SDS—
PAGE and immunoblot analysis using either the anti-
EHD1 antibody (Figure 2A, UT and T) or pre-immune
serum (Figure 2A, PI). In untransfected cells, the anti-
EHDI1 antibody detected a species of 55 kDa, which
corresponded approximately to the predicted molecular
mass of the endogenous EHD proteins. Accordingly,
monomeric EHD proteins would be expected to migrate
with a sedimentation coefficient similar to that of albumin,
at ~4.6S. However, sedimentation velocity analyses
revealed that the native EHD proteins migrated as much
larger species of over 11.3S (Figure 2B), indicating that
these proteins exist as subunits of oligomeric complexes.
In immunoblots of HeLa cells transfected with the
GFP-EHD1 construct (Figure 2A, T), we observed an
additional species of 85 kDa, which corresponded to the
expected molecular mass of the fusion protein. Based on
an average transfection efficiency of ~60%, the level of
GFP-EHD1 expression (85 kDa band) relative to en-
dogenous EHD proteins (55 kDa band) per cell was
estimated at 5- to 10-fold in several experiments. No bands
were detected when immunoblotting was performed with
pre-immune serum (Figure 2A, PI), thus confirming that
the anti-EHDI1 antibody specifically recognized endogen-
ous EHD proteins as well as transgenic GFP-EHD1.
Myc-EHDI1 (Figure 2C) or GFP-EHDI1 (Figure 2D)
expressed by transfection in HeLa cells was localized to a
concentration of vesicles in the juxtanuclear area of the
cell, as previously reported for endogenous EHD proteins
in CHO cells (Lin et al., 2001). More strikingly, however,
we also observed staining of an extensive array of thick
tubules reaching lengths of up to 10 um. Similar tubules
were observed in COS-7 or M1 cells expressing
GFP-EHD1, and shorter, less abundant tubular structures
could also be discerned in CHO-1 cells, in addition to the
more vesicular pattern (data not shown). Untransfected
HeLa cells immunostained for endogenous EHD proteins
also displayed cytoplasmic tubules (Figure 2E-G),
although these were less numerous and fainter than in
the transfected cells. Staining of these EHD-containing
tubules was competed by the addition of recombinant
GST-EHD1 (data not shown), thus demonstrating the
specificity of EHD protein immunodetection. The prom-
inence of tubular staining in the transfected cells is likely
to be due to an enhancement of tubule formation by
expression of the EHD1 fusion proteins.
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Fig. 2. EHD1 localizes to an array of long tubular structures. (A) Detergent lysates were prepared from untransfected HeLa cells (PI and UT) or HeLa
cells transfected with a GFP-EHDI1 construct (T), and resolved by 4-20% SDS—PAGE. Immunoblot analysis with either pre-immune serum (PI) or
rabbit polyclonal antibody directed against EHD1 (UT and T) revealed the presence of both endogenous EHD1 (55 kDa) and transgenic GFP-EHD1
(85 kDa) proteins. Following transient transfection, ~60% of the cells expressed detectable levels of EHDI, and the relative levels of transfected and
endogenous proteins were estimated by densitometric analysis of multiple film exposures. (B) HeLa cell extracts were subjected to sedimentation
velocity analysis on a 4-20% sucrose gradient. Fractions were collected, resolved by 4-20% SDS-PAGE, and proteins were visualized by immunoblot
analysis using the polyclonal antibody prepared against EHDI1. Size markers indicate the positions of albumin, AP-2 complex and catalase on the
sucrose gradients. (C) HeLa cells were transfected with a plasmid encoding Myc-EHD1. Cells were fixed and permeabilized 24 h later, and incubated
with a mouse monoclonal antibody to the Myc epitope. Bound antibodies were revealed by incubation with Cy3-conjugated donkey anti-mouse IgG,
demonstrating the presence of a dense network of Myc-EHDI tubular organelles. (D) HeLa cells were transfected with a plasmid encoding
GFP-EHDI, and were fixed and permeabilized after 24 h. (E-G) Untransfected HeLa cells were fixed, permeabilized and incubated with a rabbit
polyclonal antibody to endogenous EHDI1. Bound antibodies were revealed by incubation with Cy3-conjugated donkey anti-rabbit IgG. Images show
the presence of long, tubular structures containing endogenous EHD proteins. All images were obtained by confocal microscopy. Bars: (C and D),
10 um; (E-G), 10 um.

Tubules containing associated EHD1 are
membrane-bound organelles

To determine whether EHD1 tubular structures were
membrane-bound organelles or exclusively protein assem-
blies, we performed immunoelectron microscopy of
ultrathin frozen sections of HeLa cells expressing Myc-
EHD1. Immunogold staining for EHD1 revealed labeling
of many round and ellipsoidal structures that were clearly
delimited by a membrane. Figure 3A shows a section of a
tubular structure of ~260 nm diameter labeled for Myc-
EHDI1. To establish further the correspondence of the
tubular structures observed by light microscopy with the
membrane-bound organelles observed by electron micro-

scopy, we performed correlative fluorescence electron
microscopy as described previously (Polishchuk et al.,
2000). Figure 3B shows a confocal fluorescence image of a
live HeLa cell expressing GFP-EHDI, with the typical
array of EHDI1 tubules extending throughout the cyto-
plasm. The exact same tubule depicted in the box in
Figure 3B was examined by immunoelectron microscopy
of serial sections, two of which are shown in Figure 3C and
D. This tubule containing associated GFP-EHDI, as
labeled by the enhanced gold particles, was found to be a
membrane-bound structure of ~220 nm in diameter. The
specificity of the staining can be appreciated by the
absence of label on the adjacent mitochondria (M).

2559



S.Caplan et al.

Fig. 3. Ultrastructural analysis of EHD1 tubules. (A) HeLa cells were transiently transfected with Myc-EHD1 and processed for electron microscopy
immunogold labeling using an anti-Myc antibody. Bound antibodies were detected using gold-conjugated protein A. (B-D) Correlative fluorescence/
electron microscopy. HeLa cells were transiently transfected with a GFP-EHD1 construct on CELLocate grids, and live confocal images of a typical
GFP-EHD1-expressing cell were obtained (B). Cells were then fixed with 4% paraformaldehyde and 0.05% glutaraldehyde, and enhanced gold label-
ing was performed for anti-GFP antibodies as described in Materials and methods. (C) and (D) are serial sections depicting the boxed region of interest
in (B), and arrows in (C) and (D) mark the EHDI tubular structure within the box. Particles indicate the presence of GFP-EHDI1 along the tubular
structure and in the cytosol. (E) Dynamics of EHD1 association with membranes. GFP-EHD1 was subjected to fluorescence recovery after photo-
bleaching (FRAP) analysis. HeLa cells were transiently transfected with a GFP-EHD1 construct, and examined by live confocal image analysis 24 h
later. An entire EHDI tubular structure was photobleached (rectangular region of interest). GFP-EHD1 recovery to the bleached area was monitored
every 3.3 s (see Supplementary time-lapse video). Images of live cells (B and E) are visualized as inverted images to facilitate analysis. M, mitochon-

dria; PM, plasma membrane. Bars: (A), 200 nm; (B), 10 um; (C and D), 200 nm; (E), 10 um.

To examine the dynamics of GFP-EHDI1 tubules in vivo,
transfected HeLa cells were monitored by time-lapse
confocal image analysis. Long GFP-EHD1 tubular struc-
tures were quite stable and exhibited only limited move-
ment over a 2 h period, although smaller tubular and
vesicular structures were more mobile and in some cases
could be seen fusing with the plasma membrane (data not
shown). After photobleaching an entire GFP-EHD1 tubule
(black box in Figure 3E and Supplementary video
available at The EMBO Journal Online), its fluorescence
recovered within minutes, indicating that GFP-EHDI is
continuously cycling on and off the tubules.
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Structural requirements of EHD1 for

tubule formation

The previously reported mutation of glycine 65 to arginine
in the P-loop domain of EHD1 (Grant et al., 2001; Lin
et al.,2001; Figure 1, G1 motif), which would be expected
to disrupt nucleotide binding, rendered the GFP-EHD1
fusion protein cytosolic (Figure 4B). Similarly, mutation
of lysine 220 to asparagine, within another stretch of
amino acid residues with homology to GTP-binding
proteins (Figure 1, G4 motif), also yielded a cytosolic
protein (Figure 4C). Truncation of the C-terminal EH
domain, on the other hand, resulted in a protein that
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Fig. 4. Requirements for EHD1 tubule formation. HeLa cells were tran-
siently transfected with c¢DNA constructs coding for wild-type
GFP-EHD1 (A), GFP-EHDI1-G65R (B), GFP-EHDI-K220N (C),
or GFP-EHD1 AEH (D), fixed 24 h later, and analyzed by confocal
microscopy. Wild-type GFP-EHDI-transfected HeLa cells were also
treated for 1.5 h with nocodazole (NOC) (E), or maintained at 4°C for
1 h (F) prior to fixation. Images were obtained by confocal microscopy.
Bar, 10 um.

associated with membranes, but gave a vesicular rather
than tubular pattern of staining (Figure 4D). Thus, the
nucleotide-binding site in the P-loop appears to be
required for association with membranes, while the EH
domain is required for association with, or induction of,
tubules.

To determine whether EHD1 tubular membrane struc-
tures are supported by components of the cytoskeleton, we
treated cells with various inhibitors. The actin-depolymer-
izing agent cytochalasin D had no effect on the formation
of EHDI1 tubular structures (data not shown). In contrast,
the microtubule-depolymerizing agent nocodazole (NOC)
caused fragmentation of the tubules (Figure 4E).
Similarly, incubation at 4°C, which is known to disrupt
microtubules but not actin microfilaments, caused frag-
mentation of the tubules (Figure 4F). These results suggest
that microtubules are necessary for the formation of EHD1
tubular profiles, possibly serving as a scaffold for their
assembly.

Arf6 co-localizes with EHD1 and regulates the
formation of EHD1-containing tubules

The long tubules observed in EHD1-transfected cells are
reminiscent of tubular endosomes in the Arf6-regulated
recycling pathway (Radhakrishna and Donaldson, 1997;
Brown et al., 2001). Co-expression of normal Arf6
together with Myc-EHDI1 revealed that both proteins

EHD1-containing tubules involved in recycling

indeed co-localized to the same tubular structures
(Figure 5A-C, arrows). To determine whether the
nucleotide status of Arf6 affected the EHDI1 tubules,
GFP-EHD1 was co-expressed with the GTP-locked Arf6-
Q67L mutant (Peters et al., 1995; Radhakrishna and
Donaldson, 1997) or the GDP-locked Arf6-T27N mutant
(D’Souza-Schorey et al., 1995; Radhakrishna and
Donaldson, 1997). As shown in Figure 5, expression of
Arf6-Q67L (Figure 5D-F) abrogated the formation of
EHDI1 tubular structures. Although some peripheral co-
localization was observed between Arf6-T27N and rem-
nants of EHDI1 tubules (Figure 5G-I), overall the expres-
sion of Arf6-T27N impaired the association of EHD1 with
its characteristic tubules, often inducing the fragmentation
of these structures. However, mutant EHD1 proteins did
not affect the normal distribution pattern of Arf6 (data not
shown). These observations suggest that cycling of Arf6
between its GTP- and GDP-bound states is necessary for
either association of EHD1 with tubules or the formation
of the tubules themselves. Expression of EFA6, a
GTP-exchange factor for Arf6 (Franco et al., 1999;
Figure 5J-L), or ACAP1, a GTPase-activating protein
for Arf6 (Jackson et al., 2000; Figure SM-0O), caused
fragmentation or disorganization of the tubules, although
the effects were less dramatic than those observed upon
expression of the Arf6-Q67L or Arf6-T27N constructs.

The specificity of Arf6 effects on EHDI tubular
structures was examined by assessing the effects of other
GTP-binding proteins on EHDI1 tubule formation. Neither
GTP- nor GDP-locked mutants of Arfl (Arf1-Q71L and
Arfl-T31N, respectively) affected the EHD1 tubules (data
not shown). Similarly, GTP- and GDP-locked mutants of
Arf4 lacked any visible effect on EHDI1 tubes (data not
shown), suggesting that Arf6 is likely to be the only Arf
family member that functionally interacts with EHDI.
Moreover, the GTP-binding proteins Rab5 and Rabll,
implicated in endocytosis and recycling in the clathrin-
dependent pathway (Sheff er al., 1999; Sonnichsen et al.,
2000; McCaffrey et al., 2001), were found to lack any
effect on EHDI1 tubules (data not shown). Overall, these
results indicate that Arf6 and EHD1 functionally interact
on the cytoplasmic tubular compartment.

A role for EHD1 in recycling MHC-I to the

cell surface

Arf6-regulated tubular endosomes have been shown
to contain recycling MHC-I molecules (Radhakrishna
and Donaldson, 1997; N.Naslavsky, R.Weigert and
J.G.Donaldson, submitted). The main function of MHC-I
molecules is to bind endogenous antigenic peptides in the
endoplasmic reticulum (ER) for presentation on the
surface of the cells to CD8* T lymphocytes (for a review
see Natarajan et al., 1999). Surface MHC-I molecules,
however, can also undergo endocytosis by clathrin-inde-
pendent mechanisms (Radhakrishna and Donaldson, 1997)
and acquire peptides within endosomes (Dasgupta et al.,
1988; Reid and Watts, 1990; Schirmbeck and Reimann,
1996; Gromme et al., 1999). We hypothesized that, along
with Arf6, EHD1 might be involved in recycling of
internalized MHC-I molecules to the cell surface. To test
this hypothesis, HeLa cells expressing GFP-EHD1 were
allowed to internalize for 30 min an antibody that
recognizes peptide-loaded MHC-I. The cells were acid
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Myc-EHD1

Fig. 5. Co-localization and functional interaction of EHD1 with Arf6. HeLa cells were transiently co-transfected with constructs encoding Myc-EHD1
and wild-type Arf6 (A-C), GFP-EHDI and Arf6-Q67L (D-F), GFP-EHDI1 and Arf6-T27N (G-I), GFP-EHD1 and FLAG-EFA6 (J-L), and
GFP-EHDI1 and FLAG-ACAP1 (M-0). Cells were fixed, permeabilized and incubated with a monoclonal antibody to the Myc epitope and a rabbit
polyclonal antibody to Arf6 (A—C). Bound antibodies were revealed by Alexa-488-conjugated antibody to mouse I1gG (A and C), and by Cy3-conju-
gated anti-rabbit IgG (B and C). HeLa cells co-transfected with GFP-EHD1 and Arf6 mutant constructs (D-I) were fixed, permeabilized and incubated
with a rabbit polyclonal antibody directed against Arf6 (D-I), followed by Cy3-conjugated anti-rabbit IgG (E, F, H and I). HeLa cells co-transfected
with GFP-EHD1 and FLAG-EFA6 (J-L) or FLAG-ACAP1 (M-0O) were fixed, permeabilized and incubated with a monoclonal antibody to the FLAG
epitope, followed by a Cy3-conjugated anti-mouse IgG antibody. All images were obtained by confocal microscopy. Arrows (A and B) denote tubular
structures containing both Arf6 and EHDI. Bar, 10 pm.
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rinsed to remove surface-bound antibodies, then fixed and
permeabilized, and finally decorated with a fluorescently
labeled secondary antibody to reveal internalized MHC-1.
Internalization of MHC-I appeared normal in GFP-EHD1-
expressing cells as compared with untransfected cells.
Interestingly, internalized MHC-I was often found in
beaded tubular endosomes, some of which contained
associated GFP-EHD1 (Figure 6A-F, arrows). To exam-
ine further the partial co-localization of EHD1 and MHC-I
at the ultrastructural level, HelLa cells were co-transfected
with Myc-EHD1 and mouse MHC-I (H-2D9), and the cells
were continuously incubated with anti-H-2DY antibody
(which recognizes peptide-loaded mouse MHC-I) for
50 min, followed by fixation and processing for immu-
noelectron microscopy. In agreement with data from
indirect immunofluorescence microscopy, a portion of the
tubular and vesicular membrane-bound structures ob-
served contained both Myc-EHD1 and internalized
MHC-I. The membrane-bound structure depicted in
Figure 6G is an example of such a tubule containing
Myc-EHD1 (Figure 6G; 15 nm gold particles) and
internalized MHC-I (Figure 6G; 10 nm gold particles).

EHD1-containing tubules involved in recycling

To examine the kinetics with which internalized MHC-I
enters the EHD1-containing tubular structures in vivo, we
performed dual-color time-lapse confocal microscopy of
MHC-I antibody uptake in comparison with GFP-EHD1.
GFP-EHD]-transfected HeLa cells were allowed to
continuously internalize a mouse anti-MHC-I antibody
pre-bound to a fluorescently conjugated anti-mouse Fab
fragment, and confocal images were acquired every 6 s.
Within 5 min of uptake, internalized MHC-I appeared
mostly in punctate structures that showed little or no co-
localization with the GFP-EHDI1 tubules (Figure 7A;
Supplementary video). After 7 min and 42 s, some MHC-I
began to appear in GFP-EHDI tubular structures.
However, the most extensive co-localization was evident
after 16 min and 18 s (Figure 7A, arrows). These
experiments indicated that MHC-I gained access to
EHDI1 tubules after 7-16 min of internalization, suggest-
ing a role for the EHDI1 tubules in recycling internalized
MHC-I to the plasma membrane.

To assess the affect of EHD1 overexpression on the
recycling of internalized MHC-I to the plasma membrane,
we designed a ‘CELISA’ assay (N.Naslavsky, R.Weigert

10 nm MHC-I.
15 nm EHD1

Fig. 6. Co-localization of EHD1 and internalized MHC-I molecules. (A-F) Co-localization of internalized MHC-I with EHD1 tubular structures. HeLa
cells were transiently transfected with a construct encoding GFP-EHD1. After 24 h, the cells were continuously pulsed with W6/32 anti-MHC-I mono-
clonal antibody for 30 min. After brief acid washing to remove surface-bound MHC-I antibody, fixed and permeabilized cells were incubated with
Cy3-conjugated anti-mouse IgG, and examined by confocal microscopy. Internalized MHC-I is shown in (A) and (D), and GFP-EHDI is depicted
in (B) and (E). (C and F) Merged images. (G) HeLa cells were transiently co-transfected with Myc-EHD1 and H-2D¢ (mouse MHC-I) constructs.
Cells were pulsed with anti-H-2D¢ antibody 24 h later, fixed and processed for ultrathin section electron microscopy. EHD1 is marked by 15 nm gold
particles, and 10 nm gold particles mark the presence of internalized H-2D9. Arrows denote tubular structures positive for internalized MHC-I (A and
D) and GFP-EHDI1 (B and E). Bars: (A-C), 10 um; (D-F), 10 um; (G), 200 nm.
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and J.G.Donaldson, submitted) that measures cell surface
levels of MHC-1 (Figure 7B). Since 4°C effectively
disrupts EHD1 tubules, we were unable to utilize FACS
analysis-based assays, which necessitate antibody binding
on ice. Therefore, in our CELISA protocol, we allowed the
binding of antibodies to MHC-I to proceed at 37°C for
5 min. During this pulse, MHC-I was internalized and the

MHC-l uptake
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kinetics of peptide-bound MHC-I cell surface reappear-
ance were monitored beginning after the initial MHC-I
loading within the cell. HeLa cells were transfected with a
mouse MHC-I construct (H-2DY), or co-transfected with
H-2D¢ together with either normal or mutant EHD1
constructs. Since, on average, ~50% of the cells were
transfected with EHDI1, co-transfection of mouse MHC-1

—1
GFP-EHD1

.l'|'

Fig. 7. EHDI tubular structures promote recycling of MHC-I to the cell
surface. (A) Time-dependent co-localization of internalized MHC-I
with EHDI tubules by live image analysis. MHC-I monoclonal anti-
bodies were coupled to Alexa Fluor 568 F(ab’)2 fragment of goat anti-
mouse IgG. The coupled antibodies were then used to continuously
pulse HeLa cells that were transfected 24 h earlier with a GFP-EHD1
construct. Images of MHC-I uptake (left panels) and GFP-EHDI tu-
bules (right panels) are depicted. Arrows (white) mark MHC-I tubular
structures that appear at 15-20 min of internalization and co-localize
with pre-existing GFP-EHDI1 tubules (black arrows). Images are shown
inverted to facilitate analysis (see Supplementary time-lapse video).
Bar, 10 um. (B) Quantification of EHD1-enhanced MHC-I recycling by
a CELISA assay. HeLa cells were transfected with cDNA coding for
H-2D¢ (mouse MHC-I), H-2DY and GFP-EHDI, H-2D¢ and Myc-
EHD1, H-2DY and GFP-EHDI1-G65R, or H-2DY and GFP-EHDI-
K220N. Internalization of MHC-I over time was monitored 24 h after
transfection by CELISA utilizing a biotinylated anti-MHC-I antibody
(see Materials and methods), and the fraction of MHC-I antibody on
the surface at each time point was recorded. A representative experi-
ment from four independent CELISA assays is depicted, with triplicates
at each time point.



allowed analysis of MHC-I exclusively in cells over-
expressing EHDI1. Overexpression of either GFP-EHD1
or Myc-EHDI1 enhanced the recycling of internalized
H-2D¢ to the cell surface, with a peak visible at 15 min
after the pulse (the arbitrary unit 1 is defined as the amount
of H-2D4 detected on the cell surface after the 5 min pulse
at 37°C). Both single point mutations in the putative
nucleotide-binding loops (G65R and K220N) prevented
the enhanced recycling, reducing it to levels below those
of the control (Figure 7B). These results are consistent
with a role for EHDI in the regulation of MHC-I recycling
to the cell surface via a cytoplasmic tubular compartment.

Discussion

The results presented here indicate the existence of a
tubular, membrane-bound compartment containing asso-
ciated EHD1 and Arf6. Tubules containing endogenous
EHD proteins could be observed in untransfected HelLa
cells, although they were much more prominent in cells
transfected with constructs encoding GFP- or epitope-
tagged EHDI1. It is likely that the 5- to 10-fold over-
expression of the tagged EHD1 constructs achieved in the
transfected cells enhances tubule formation, suggesting
that EHD1 has an intrinsic ability to induce membrane
tubulation in vivo.

Photobleaching analyses revealed that GFP-EHDI
association with the tubes is a dynamic process.
Recovery of GFP-EHD1 on the tubules after photobleach-
ing could be due to recruitment from a cytoplasmic pool,
although we cannot rule out delivery by vesicular trans-
port. The N-terminal P-loop domain appears to control
recruitment of EHD1 to membranes. The P-loop and
central coiled-coil regions contain at least three stretches
of amino acid residues that resemble nucleotide-binding
motifs (termed G1, G3 and G4) in GTP-binding proteins
(Sprang, 1997). Mutations that disrupt the more conserved
G1 or G4 motifs resulted in cytosolic localization of the
mutant EHD1 proteins, suggesting that nucleotide binding
might be important for EHD1 recruitment to membranes.
However, our attempts to demonstrate binding of nucleo-
tides to EHD1 have so far been unsuccessful.

Another distinctive feature of EHD1 is the presence of a
C-terminal EH domain. EH domains bind NPF (aspar-
agine-proline-phenylalanine) motifs present in various
proteins involved in vesicular traffic (Di Fiore et al.,
1997). We found that the EH domain of EHD1 interacts
with the NPF motif-containing proteins epsin 1 (Chen
et al., 1998) and stonin 2/stoned-B (Martina et al., 2001;
Walther et al., 2001) in the yeast two-hybrid system (data
not shown). It remains to be established, however, whether
these proteins are physiological interaction partners for
EHD1 in cells. Unlike the P-loop domain, the EH domain
was not required for membrane association of EHD1, but
seemed necessary for tubule formation. In the absence of
its EH domain, EHD1 localized to vesicles. These
observations suggest that biogenesis of EHDI tubular
organelles may be a two-step process, requiring the P-loop
domain for membrane association and the EH domain for
the induction of tubular structures.

Previous studies demonstrated an involvement of EHD1
in recycling receptors internalized by clathrin-dependent
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endocytosis (Grant et al., 2001; Lin et al., 2001). Our
experiments suggest that EHD1 may also be involved in
the recycling of proteins that are internalized independ-
ently of clathrin. In particular, EHD1 appears to participate
in the Arf6-regulated pathway for bulk recycling of plasma
membrane proteins through non-clathrin-coated inter-
mediates (Peters et al., 2001). The morphological hallmark
of this pathway is a system of long tubules through which
recycling plasma membrane proteins devoid of conven-
tional endocytic signals pass en route to the plasma
membrane (Radhakrishna and Donaldson, 1997). Not only
did EHD1 co-localize with Arf6 on these tubules, but also
manipulation of the nucleotide status of Arf6 caused
disruption of the EHDI1 tubules, suggesting that nucleotide
cycling specifically on Arf6 is required for EHD1 tubule
formation.

Among the proteins that traffic through the Arf6
pathway are MHC-I molecules (Radhakrishna and
Donaldson, 1997; Brown et al., 2001; N.Naslavsky,
R.Weigert and J.G.Donaldson, submitted). We observed
that MHC-I molecules were initially internalized into
vesicular structures scattered throughout the cytoplasm.
Within 15-20 min of internalization, however, MHC-I
molecules appeared in the EHDI1 tubular structures,
suggesting that the tubular compartment plays a role late
in recycling. Indeed, evidence obtained by CELISA assays
demonstrated that enhanced tubule formation upon over-
expression of full-length EHD1 correlated with recycling
of MHC-I (Figure 7), as well as Tac (data not shown) to the
plasma membrane.

What might be the physiological role of MHC-I
recycling via Arf6-regulated EHD1 tubules? MHC-I has
long been known to function in the presentation of
endogenous antigenic peptides to CD8" T lymphocytes
(Natarajan et al., 1999). The antigenic peptides are
produced in the cytosol and loaded onto newly synthesized
MHC-I molecules in the ER (Cresswell, 2000). The
peptide-loaded MHC-I molecules then travel to the plasma
membrane via the secretory pathway. However, recent
studies indicate that MHC-I can also present peptides
derived from exogenous antigens (for reviews see Jondal
et al., 1996; Rock, 1996). This presentation could be
mediated by internalization of either ‘empty’ MHC-I
molecules (Abdel-Motal et al., 1995; Schirmbeck and
Reimann, 1996) or peptide-loaded MHC-I molecules that
exchange their peptides within endosomes (Dasgupta et al.,
1988; Reid and Watts, 1990; Gromme et al., 1999). In
either case, the MHC-I molecules carrying newly acquired
peptides would be transported to the plasma membrane via
the Arf6 pathway, along EHDI1 tubules.

Tubular compartments have previously been shown to
mediate the recycling of receptors and other transmem-
brane proteins to the plasma membrane (Yamashiro et al.,
1984; Hopkins et al., 1990; Sakai et al., 1998; Casanova
etal., 1999; Verges et al., 1999; de Figueiredo et al., 2001;
Johnson et al., 2001). The ERC, in particular, comprises a
collection of vesicles and tubules involved in the recycling
of the transferrin receptor and other endocytic receptors to
the plasma membrane (Yamashiro et al., 1984). EHDI is
associated with the ERC, where it participates in
transferrin receptor recycling (Lin et al., 2001). Thus,
EHD1 may play a general role in the formation of different
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types of tubular intermediates that carry recycling proteins
to the cell surface.

Materials and methods

Recombinant DNA constructs

Human EHDI1 was obtained by RT-PCR utilizing mRNA from HeLa
cells. Epitope tagging was performed by PCR amplification of the full-
length human EHD1 using 5’ primers containing the nucleotide sequence
of the Myc epitope and adding Xhol and EcoRI restriction sites. This
product was cloned into a pcDL-Sr0:296 (pXS) mammalian expression
vector. Human EHD1 was also cloned into the Xhol and EcoRlI sites of the
EGFPC3 vector (Clontech), with GFP at the N-terminus of the fusion
protein. Single amino acid substitutions were generated in GFP-EHD1 to
produce GFP-EHD1-G65R and GFP-EHD1-K220N, and a stop codon
was introduced at amino acid 434 using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Expression vectors for the
wild type and both GTP- and GDP-locked forms of Arf6 have been
described (Radhakrishna and Donaldson, 1997). FLAG-EFA6 and
FLAG-ACAPI1 (Jackson et al., 2000), and both GTP- and GDP-locked
HA-Arfl constructs (Peters et al., 1995) have also been described
previously. The H-2D¢ mouse MHC-I construct was a gift from Dr
D.Margulies (National Institutes of Health, Bethesda, MD).

Antibodies

The following monoclonal antibodies were used: 9E10 and HA.I11
antibodies to the Myc and HA epitopes, respectively (Covance); W6/32
antibody to human MHC-I (peptide-bound) (American Type Culture
Collection); 34-5-8 antibody to H-2D9 (peptide-bound) (Pharmingen);
34-5-8 antibody conjugated to biotin (Cedarlane Laboratories Limited);
MS5 antibody to the FLAG epitope (Sigma-Aldrich); Cy3-conjugated anti-
mouse and anti-rabbit IgG (Molecular Probes, Inc.); Alexa-488-conju-
gated antibody to mouse IgG (Molecular Probes, Inc.); and Alexa Fluor
568 F(ab”)2 fragment of goat anti-mouse IgG (Molecular Probes, Inc.).
Polyclonal serum was prepared by immunizing rabbits with human EHD1
or Arf6 (Radhakrishna and Donaldson, 1997). Polyclonal antibodies to
GFP were purchased from Molecular Probes, Inc.

Electron microscopy

For immunoelectron microscopy of ultrathin frozen sections, HeLa cells
were transiently transfected, fixed as described (Caplan et al., 2001),
prepared for ultrathin frozen sectioning, and immunolabeled by a
standard technique (Slot et al., 1991). For correlative immunofluores-
cence/electron microscopy, cells were transfected on CELLocate grids.
After imaging by confocal microscopy, cells were fixed and incubated
with anti-GFP antibody (Polishchuk ez al., 2000). Cells were then labeled
with Fab fragments of secondary antibodies conjugated to 1.4 nm
Nanogold particles (Nanoprobes, Inc.) and developed with the
GoldEnhance kit (Nanoprobes, Inc.). Once labeled, the cells were post-
fixed in OsOy, dehydrated in alcohols and embedded in Epon. Ultrathin
serial sections and frozen sections were cut on a Leica Ultracut-S ultra
microtome and photographed on a Philips CM-10 transmission electron
microscope.

Immunofluorescence and live imaging microscopy

For fixed image analysis, HeLa cells were grown on coverglasses and
transfected using FUGENE-6 (Roche Molecular Biochemicals), and fixed
with 4% v/v paraformaldehyde in phosphate-buffered saline (PBS). Fixed
cells were then incubated with primary antibodies containing 0.1%
saponin and 0.1% bovine serum albumin (BSA; w/v) for 1 h at room
temperature. After washes in PBS, the cells were incubated with the
appropriate fluorochrome-labeled secondary antibody mixture containing
0.1% saponin and 0.1% BSA (w/v) for 30 min at room temperature.
Images were obtained on a Zeiss LSM 410 confocal microscope (Zeiss,
Thornwood, NY), using a 63X 1.4NA objective with appropriate filters.
For live cell imaging, cells were maintained at 37°C and analyzed with a
Zeiss 510 confocal microscope (Zeiss) equipped with a 63X 1.4 NA
objective. The laser excitation setting was maintained at 488 nm for GFP
and 543 nm for rhodamine, with appropriate filter sets as supplied by the
manufacturer. Dual-color imaging was obtained through the multichannel
setting for optimal channel definition. For fluorescence recovery studies,
the confocal pinhole was set fully open to collect fluorescence from the
entire breadth of the cell, using a 25X 0.8 immersion corrected objective.
Selective photobleaching was performed utilizing a minimum of 70 scans
with the 488 nm laser line at full power, and recovery was then monitored
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at low intensity illumination. Images were analyzed with either Zeiss
LSM software, or NIH Image software.

Measurement of recycling by CELISA

HeLa cells were plated in 24-well dishes (SonicSeal; Nalgene Nunc
International) at a concentration of 100 000 cells/well and co-transfected
24 h later with a mouse MHC-I H-2D¢ construct (0.2 g DNA/well) in
combination with the appropriate plasmid expression vectors to be
assayed (0.2 ug DNA/well). Twenty-four hours after transfection, cells
were kept at 37°C and incubated for 5 min with 150 ul/well monoclonal
antibody to peptide-bound H-2D? conjugated to biotin (Cedarlane
Laboratories Ltd), diluted 1:30. Unbound antibody was rinsed, and
cells were either fixed (2% paraformaldehyde v/v in PBS) immediately to
measure initial surface-bound antibody, or transferred to complete media
and maintained at 37°C for various times prior to fixation. Fixed cells
were incubated with 0.1 pg/ml streptavidin—horseradish peroxidase
(prepared in 5% BSA/PBS) at room temperature for 15 min in a volume
of 200 ul/well, and washed extensively with PBS. Colorimetric reactions
were developed with the TMB substrate kit (Pierce, Rockford, IL)
according to the manufacturer’s instructions and ODys, was measured.
Experiments were performed in triplicate, with data presented as a
percentage of the initial surface-bound antibody.

Other procedures
Immunoblot analysis (Caplan et al., 2000) and sedimentation analysis
(Dell’ Angelica et al., 1997) were performed as described previously.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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