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Abstract

Lysosomes play a central role in the degradation of proteins and other macromolecules. The
mechanisms by which receptors are transferred to lysosomes for constitutive degradation are poorly
understood. We have analyzed the processes that lead to the lysosomal delivery of the Fc receptor,
FcRn. These studies provide support for a novel pathway for receptor delivery. Specifically, unlike
other receptors that enter intraluminal vesicles in late endosomes, FcRn is transferred from the
limiting membrane of such endosomes to lysosomes, and is rapidly internalized into the lysosomal
lumen. By contrast, LAMP-1 persists on the limiting membrane. Receptor transfer is mediated by
tubular extensions from late endosomes to lysosomes or by interactions of the two participating
organelles in kiss-and-linger like processes, whereas full fusion is rarely observed. The persistence
of FcRn on the late endosomal limiting membrane, together with selective transfer to lysosomes,
allows this receptor to undergo recycling or degradation. Consequently, late endosomes have
functional plasticity, consistent with the presence of the Rab5 GTPase in discrete domains on these
compartments.
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Introduction

Protein biosynthesis and breakdown represent fundamental aspects of cellular homeostasis.
Lysosomes constitute the primary intracellular site for the degradation of proteins and other
macromolecules on the endocytic pathway (1,2). How proteins or other lysosomally directed
macromolecules such as membrane receptors or cargo transit from endosomes to lysosomes is
an area of active discussion. Multiple models, including those involving vesicular transport,
endosomal maturation or late endosomal-lysosomal fusion have been proposed for the delivery
of such macromolecules to these degradative compartments (2-6). Recent studies using labeled
dextran as a fluid phase tracer have provided direct support for late endosomal-lysosomal
fusion involving different processes, ranging from transient kiss-and-run processes or more
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prolonged kiss-and-linger interactions to complete fusion to generate a hybrid organelle (5).
By contrast, there is limited knowledge concerning how membrane receptors migrate from late
endosomes into these degradative compartments.

Despite the lack of knowledge concerning how late endosomes deliver their membrane
receptors to lysosomes, it is known that the entry of receptors into intraluminal vesicles (ILVS)
of late endosomes (or multivesicular bodies, MVBSs) prior to lysosomal delivery can occur via
ubiquitin-dependent and -independent pathways (7-11). In addition, the molecular mechanisms
involved in the sorting of ubiquitinated receptors from the limiting membrane of late
endosomes into ILVs of MVBs have been intensively studied (7-9,11,12) whereas ubiquitin-
independent pathways are less well characterized (9-11). Although inhibition of entry of
ubiquitin-dependent receptors such as the EGF receptor into ILVs reduces its degradative rate
(13), the fundamental question persists as to whether ILV entry into MVBs is a prerequisite
for the lysosomal degradation of membrane proteins.

The central role of Rab GTPases in orchestrating intracellular trafficking is becoming
increasingly apparent and has direct relevance to lysosomal biogenesis (14-16). These GTPases
accumulate on the surface of vesicular or tubular compartments such as endosomes where they
recruit effectors that can induce membrane tethering prior to homo- or heterotypic fusion. The
Rab proteins, Rab5 and Rab7, are associated with early/sorting and late endosomal trafficking,
respectively (17-20). For example, Rab7 is involved in regulating both late endosomal mobility
and MVB formation (21). Recent studies have demonstrated that early (sorting) endosomes
can mature into late endosomes by a process known as ‘Rab conversion’ in which Rab5 is
gradually replaced by Rab7 (22). Based on these observations, a model has been proposed in
which all Rab5 is dissociated from maturing Rab7* endosomes prior to their fusion with
lysosomes (22). However, there is limited knowledge concerning the point at which the
contents of an endosome can no longer be recycled and become irreversibly destined for
degradation. This is particularly relevant for the constitutive degradation of receptors such as
the transferrin receptor and the Fc receptor, FcRn, for which the primary routing is recycling
back to the plasma membrane (23-26).

In the current study we have analyzed the processes that lead to the constitutive, intracellular
degradation of the Fc receptor, FcRn (24,27). This Fc receptor follows both recycling and
transcytotic pathways to transport its immunoglobulin G (IgG) ligand within and across cells
of diverse origin (23,28-31). FcRn therefore plays a central role in regulating 1gG
concentrations and transport in vivo (24), and defects in this receptor result in
hypogammaglobumenia (32-34). The constitutive degradation of FcRn therefore not only has
broad relevance to understanding how (recycling/transcytotic) receptor levels are maintained,
but also impacts a fundamental aspect of humoral immunity.

Our live cell imaging analyses of FcRn in endothelial cells provide support for novel pathways
for lysosomal delivery. This Fc receptor remains associated with the limiting membrane of the
late endosome until endosomal-lysosomal contact occurs, whereupon transferred FcRn rapidly
accumulates in the lysosomal vacuole. The majority of transfer events from late endosomes to
lysosomes do not involve full fusion, but instead are mediated by either tubular connections
or close interactions between participating organelles in processes that resemble kiss-and-
linger (5,6,35,36). The persistence of FcRn on the limiting membrane of late endosomes, rather
than accumulation in ILVs, combined with selective transfer events to lysosomes allows this
receptor to be either recycled or degraded. These processes therefore confer functional
plasticity on endosomes until an unexpectedly late stage in their maturation. Consistent with
retention of plasticity, (late) endosomes that are associated with both Rab5 and Rab7 can
interact with lysosomes. Our data therefore indicate that Rab7 acquisition without complete
loss of Rab5 demarcates late endosomes that are competent to transfer material to lysosomes.
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Distribution of FcRn

HMEC-1 cells were transfected with mRFP tagged FcRn (human) and pulse chased with Alexa
647-labeled dextran to label lysosomes (2 hours pulse, 6-24 hours chase). mRFP fluorescence
could be clearly detected in the intraluminal space of the dextran* lysosomes, in addition to
being present on the limiting membrane of abundant early endosomes as described previously
(23) (Figure 1A). FcRn is a type | membrane protein, so that C-terminal tagging results in the
localization of the fluorescent protein in the cytosol if the receptor is on the limiting membrane
of intracellular organelles. Importantly, the detection of MRFP in the intraluminal space is not
due to cleavage of mMRFP from FcRn on the limiting lysosomal membrane followed by release
into the lumen, since it is observed for both N-and C-terminally tagged FcRn. In cells
transfected with C-terminally tagged FcRn, 94% (n=50) of dextran* lysosomes are mRFP* and
for N-terminally tagged FcRn, 96% (n=55) of dextran* lysosomes are mRFP™, indicating that
the fusion of mMRFP to FcRn does not impact the intracellular trafficking pathway of FcRn.
However, from the analyses using mRFP tagged FcRn, we could not determine whether FcRn
is also present on the limiting membranes of lysosomes in addition to the intraluminal spaces.
We therefore also carried out experiments with FcRn tagged at the C-terminus with GFP (FcRn-
GFP) to investigate this. GFP has very low fluorescence at lysosomal pH (37,38) and is
susceptible to proteolysis (38-40). We therefore hypothesized that GFP fluorescence from C-
terminally tagged FcRn would not be detectable if FcRn were rapidly internalized into the
intraluminal space following transfer to lysosomes. Although GFP-labeled FcRn could be seen
on the limiting membrane of endosomes as described previously (23), we did not observe GFP
in lysosomes when the fluorophore was linked to either the N- or C-terminus of FcRn (Figure
1, and data not shown). This suggests that the internalization of FcRn from the limiting
membrane into the intraluminal space of lysosomes is relatively rapid, so that the steady state
distribution is primarily within the lumen. The lysosomal accumulation of FcRn is most likely
due to the constitutive turnover of this receptor.

Temporal aspects of lysosomal delivery

The constitutive expression of mRFP tagged FcRn in transfected cells precludes an analysis
of the temporal aspects of lysosomal delivery of this receptor. We therefore used a fluorescently
labeled IgG (“MST-HN’) that has been engineered to bind through its Fc region with high
affinity to FcRn in the pH range 5-7.4 ((41), data not shown) to track receptor behavior over
time periods that could be regulated by 1gG delivery. In addition, to facilitate the use of labeled
IgG as a tag for FcRn, a mutated variant of human FcRn (42) that is engineered to have higher
affinity for 1gG was used throughout these studies. The relatively high affinity of the interaction
of this mutated FcRn for binding to MST-HN in the range pH 6.0-7.2 (Kp at pH 6.0 = 1 nM;
Kp at pH 7.2 = 4.5 nM, (43)) reduces the possibility of dissociation of MST-HN from FcRn
in endosomes and at the cell surface so that it can be used as a tracer for FcRn on both the
recycling and endolysosomal pathways within cells. By contrast, wild type 1gG1 binds with
substantially lower affinity to FcRn (mutant) at pH 6.0 and with immeasurably low affinity at
near neutral pH (41,42) and is therefore unsuitable as a ligand for tracking FcRn.

mMRFP-FcRn transfected cells were pulse-chased with Alexa 488-labeled dextran (MW 10,000
Da) to label lysosomes, followed by addition of 5 ug/ml Atto 647N-labeled IgG. Cells were
imaged at different times up until 24 hours following IgG addition (Figure 1B). After a pulse
time of ~1-3 hours with labeled IgG, the antibody shows extensive colocalization with mRFP-
FcRn (Figure 1B; or FcRn-mRFP, data not shown) in endosomal structures or smaller
tubulovesicular compartments (all of 50 mRFP-FcRn* or FcRn-mRFP* endosomes analyzed
are IgG™), consistent with our earlier studies (41) with little or no colocalization with lysosomes
(2% of 51 dextran*/FcRn* lysosomes analyzed are 1gG™*). However, following 4-6 hours of
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IgG addition, significant amounts of labeled antibody are colocalized with dextran and mRFP
in the intraluminal space of lysosomes (Figure 1B; 85% of 46 dextran*/FcRn™ lysosomes
analyzed are 1gG*), although a substantial proportion of this antibody remains associated with
FcRn in endosomes (Figure 1B; all of 62 FcRn* endosomes analyzed are IgG*). At later times
(6-24 hours), the amount of IgG in lysosomes relative to endosomes increases, until about
16-24 hours when the majority is located in lysosomes (Figure 1B; 98% of 50 dextran/
FcRn* lysosomes analyzed are 1gG*). Thus, within several hours of addition, 1gG ligand and
FcRn can be detected in the intraluminal space of lysosomes and the accumulation continues
to increase thereafter. The behavior of the MST-HN mutant contrasts with that of wild type
1gGs which, due to their marked pH dependent binding to FcRn, are in general sorted into the
recycling/transcytotic pathway and exocytosed (23, 44). Since the MST-HN mutant is an
effective tag of FCRn, this data establishes the timing of FcRn transfer to lysosomes.

Modes of FcRn transport from late endosomes to lysosomes

To analyze the details of the dynamic processes that are involved in the transfer of FcRn to
lysosomes, HMEC-1 cells were co-transfected with mRFP-FcRn and lysosomal associated
membrane protein-1 (LAMP-1)-GFP to demarcate late endosomes (dim for LAMP-1,
mannose-6-phosphate receptor (M6PR) positive and dextran negative; data not shown) and
lysosomes (bright for LAMP-1, M6PR negative, dextran positive). The use of fluorescently
labeled LAMP-1 allows the limiting membrane of the lysosomes to be demarcated. Consistent
with the analyses using dextran pulsed cells (Figure 1), mRFP could be detected in the
intraluminal space of LAMP-1* (bright) lysosomes (Figure 2).

Figure 2A shows the delivery of mMRFP-labeled FcRn from a late endosome to a closely apposed
lysosome via a tubule that extends from the late endosome (13.5 s), fuses with a lysosome and
immediately separates from the “‘donor’ endosome within a time period of about 3 s. Subsequent
to FcRn transfer, a smaller lysosome fuses with the first lysosome in a homotypic fusion event
(28.5-305s). In Figure 2B, a FcRn™ tubule that is longer than that shown in Figure 2A is extended
from a late endosome and delivers FcRn to the lysosome. This tubule merges with the lysosome
(19.5 s) and disconnects from the lysosome 4.5 s following the merging event. The intensity
changes for mRFP fluorescence in both the donor endosome (decrease in intensity) and the
acceptor lysosome (increase in intensity) for these two transfer events are shown in Figure 2C.
For all intensity plots in this study, to exclude the possibility that the intensity decreases in
donor compartments are due to photobleaching, the average photobleaching rates are
determined. The average intensity decays are much less than the measured intensity decreases
in donor compartments, indicating that intensity decreases in donor compartments are not due
to photobleaching (Figures S1 and S2). In both examples of transfer events, the lysosomes
already have substantial amounts of mMRFP (FcRn) in their vacuole. Taken together with the
absence of FCRn-GFP on the limiting membrane of lysosomes (Figure 1A), this suggests that
the internalization of FcRn into the intraluminal space is efficient.

Due to the constitutive expression of mRFP in transfected cells, the ‘brightness’ of mRFP in
the majority of recipient lysosomes limited our ability to detect relatively small changes in
intensity due to transfer of FcRn (tagged with mRFP) to lysosomes. Therefore, to facilitate the
analysis of such intensity changes, we further investigated the pathways of late endosome to
lysosome transfer using labeled (Atto 647N) MST-HN IgG (41) (Figure 3), for which
accumulation in lysosomes only started shortly following 1gG addition to cultures. In a subset
of analyses we also used mouse FcRn instead of human FcRn since, unlike human FcRn, it
does not have a cytosolic tail lysine (45,46) which could serve as a ubiquitination target (Figure
3C, E and G). Similar distribution and transport modes were observed for both mouse and
human FcRn in HMEC-1 cells in this and other studies, indicating that the trafficking pathway
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of human FcRn from late endosomes to lysosomes is not ubiquitin dependent (Figure 3, and
data not shown).

In Figure 3A, a FcRn*IgG™ late endosome interacts with a dextran*1gG* lysosome over a time
period of 67.5 s (until the data collection is stopped). During a three second period (43.5-46.5
s), detectable levels of IgG transfer can be observed. The intensity changes for Atto 647N
fluorescence in both the donor endosome (decrease in intensity) and the acceptor lysosome
(increase in intensity) for this transfer event are presented in Figure 3B. By contrast with Figure
3A, Figure 3C shows IgG transfer between an adjacent late endosome and lysosome via a
process that does not involve a detectable tubule and resembles kiss-and-linger events (5, 6,
35, 36). In the example shown, detectable levels of 1gG transfer occur over a time period of
~460 s (Figure 3C). An analysis of the intensity changes for Atto 647N fluorescence in the two
compartments involved in this transfer event is presented in Figure 3D. The intensity changes
over time provide support for the transfer of material from the late endosome to lysosome. In
another example of IgG transfer to lysosomes, we observed two tubules extending
simultaneously from an FcRn*1gG* endosome (Figure 3E): one tubule interacts with a
lysosome for 25.5 s and transfers detectable levels of IgG over a shorter period of 3 s (30-33
s). A second tubule appears to contact an endosome for about 46.5 s. FcRn(-GFP) and IgG
could be detected in both tubules (Figure 3E), and instead of separating from the donor
endosome, both tubules retract following interaction with their partner organelles. The intensity
changes for Atto 647N fluorescence in the donor and acceptor compartments in Figure 3E are
consistent with the transfer of IgG (Figure 3F). Subsequently, FcRn and IgG leave the donor
endosome in a tubulovesicular transport container (Figure 3G), suggesting that late endosomes
can both transfer FcRn and/or ligand to lysosomes and generate recycling compartments.

Collectively, our analyses indicate that the majority (71%, n=24 from 24 different cells) of
transfer events for FcRn involve tubular extensions from late endosomes to lysosomes, with
the remainder resembling kiss-and-linger (five events) or rarely, full fusion to form hybrid
compartments (two events; data not shown). However, the frequency of kiss-and-linger might
be an underestimate, since we frequently observed late endosomes and lysosomes in close
proximity without detectable transfer of material. Of the 17 events for which tubular transfer
could be observed, 88% involved long lived contacts between late endosomes and lysosomes
(> 3's). All five transfer events that did not occur via visible tubules involved contact between
participating organelles that lasted for prolonged time periods (> 200 s).

Bifurcation of LAMP-1 and FcRn trafficking pathways at the late endosomal-lysosomal

transition

LAMP-1 is colocalized with FcRn on the limiting membrane of late endosomes but, in contrast
to FcRn, can also be clearly seen on this membrane of lysosomes (Figure 2). For comparative
purposes, we therefore analyzed the behavior of LAMP-1 during late endosomal-lysosomal
fusion events. These studies indicated that late endosomes (weakly LAMP-1*, FcRn* and
M6PR™) can interact with lysosomes (strongly LAMP-1*, M6PR") to transfer LAMP-1 through
processes that involve tubular extensions from the late endosomes. In Figure 4A, a tubule can
be seen extending from the lower part of the late endosomes at 0 s. This tubule then appears
to form a vesicular compartment that moves around the perimeter of the late endosome prior
to extending as a tubule at 39 s to fuse with the lysosome to transfer LAMP-1 (40.5-43.5 s).
This transfer event is followed by separation from the late endosome. The intensity changes
for GFP fluorescence in both the donor endosome (decrease in intensity) and the acceptor
lysosome (increase in intensity) for this transfer event are presented in Figure 4C. Due to the
limited resolution of fluorescence microscopy, it is impossible to conclusively rule out an
alternative, less likely interpretation that this moving structure is a separated, small
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compartment that contacts and moves around the perimeter of the late endosome and
subsequently bridges the late endosome and the lysosome.

We also observed that LAMP-1 can migrate from a lysosome to a (late) endosome (Figure 4B).
In the example shown, transfers occur in stepwise fashion via two distinct tubules (12-18 and
24-25.5 s). Each of these tubules extends, merges with the limiting membrane of the recipient
late endosome and separates from the donor lysosome prior to the delivery of the next tubule.
Subsequently, LAMP-1 appears to diffuse into the limiting membrane of the late endosome,
although other interpretations are possible such as that this LAMP-1* tubulovesicular
compartment moves rapidly out of the focal plane. The intensity changes for GFP fluorescence
in the donor and acceptor compartments are shown in Figure 4C. This demonstrates that
bidirectional movement between the limiting membranes of late endosomes and lysosomes
can occur. In all LAMP-1 transfer events (n= 6 from 4 different cells), tubular extensions were
observed and we did not detect FcRn nor IgG transfer. Taken together with the distinct
distribution of LAMP-1 and FcRn in lysosomes, this indicates that the transfer and
internalization of FcRn into the interior of these organelles is a selective process.

Persistence of Rab5 on fusion competent, late endosomes

Recent studies have shown that as early endosomes mature to form late endosomes, the Rab
GTPase, Rab5, is gradually replaced by Rab7 (22). The observation that endosomal-lysosomal
transfer events invariably involve FcRn* endosomes, from which FcRn can still recycle
(Figures 3E and 3G, and data not shown), prompted us to characterize these compartments
further. We therefore analyzed the Rab associations with endosomal compartments as they
mature, with the overall aim of characterizing the endosomes that are ‘competent’ to transfer
their contents to lysosomes.

Cotransfection of Rab5-fluorescent protein (FP) with FCRn-FP constructs demonstrated that
Rab5, consistent with its known function in earlier studies (17,18), can be detected on FcRn*
endosomes. We observed that Rab5*FcRn* compartments can transfer FcRn to lysosomes in
tubule-mediated processes such as that shown in Figure 5A. The tubule extends, contacts, and
fuses with the lysosome and separates from the late endosome over a period of 12 s, with
detectable transfer of mRFP-FcRn occurring over a period of 3 s (12-15 s) (Figure 5A; The
intensity changes for mRFP fluorescence in the interacting compartments and the
photobleaching analysis for mRFP are shown in Figures S2A and S2B, respectively).
Significantly, transfer of FcRn to lysosomes occurred without detectable transfer of Rab5
(Figure 5A). To exclude the possibility that Rab5 overexpression might result in mistargeting
to late endosomes, we analyzed Rab5 distribution in untransfected cells using anti-Rab5 and
anti-LAMP-1/anti-EEA1 antibodies. We consistently observed that Rab5 is associated with
LAMP-1* late endosomes but not LAMP-1* lysosomes within cells (Figure 5B; 58% (n=88)
of Rab5* compartments are LAMP-1%), indicating that Rab5 is not solely restricted to
association with early endosomes. These late endosomes can be distinguished from lysosomes
by the lower levels of LAMP-1 (Figure 4, and data not shown). In these studies, 96% of 54
late endosomes analyzed with lower LAMP-1 level are Rab5*, whereas 95% of 57 lysosomes
analyzed with brighter LAMP-1 are Rab5". We frequently observed the accumulation of Rab5
into domains or clusters on these compartments (Figure 5B). This is reminiscent of the
accumulation of Rab GTPases into discrete domains that precede the formation of
tubulovesicular transport containers on endosomes (47-49). As expected from earlier studies
(17), the colocalization between Rab5 and EEAL is also extensive (Figure 5B; 100% of 52
EEA1* endosomes analyzed are Rab5*). Complete loss of Rab5 from (late) endosomes is
therefore not a prerequisite for the transfer of FcRn from late endosomes to lysosomes.

We also investigated whether fusion-competent endosomes were Rab7*, and also whether
transfer of Rab7 to lysosomes could be detected. HMEC-1 cells were therefore cotransfected
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with GFP-Rab7 and mRFP-FcRn. Figure 5C shows that Rab7 is present on both late endosomes
and lysosomes, consistent with earlier observations (19, 20). Figure 5D shows the transfer of
Rab7 to lysosomes. A Rab7* tubule extends from a late endosome at 27 s, contacts a FcRn-
mRFP*dextran* lysosome at 39 s and transfers Rab7 over the following 3 s. The intensity
changes for GFP fluorescence in the interacting compartments and the photobleaching analysis
for GFP are shown in Figures S2C and S2D, respectively. Cotransfection of mRFP-Rab5 and
GFP-Rab7 constructs demonstrated that Rab5*Rab7* endosomes can interact with lysosomes
over extended periods of time (~40 s) (Figure 5E). A small Rab5* compartment, that is most
likely an endosome, is also associated with this lysosome. In all cases where endosomal-
lysosomal interactions were observed (n= 22 from 11 different cells), Rab7 was detectable on
the endosomal compartment (Figure 5D, data not shown). Our data indicate that acquisition of
Rab7 but not complete loss of Rab5 is necessary for late endosome-lysosome interactions. The
accumulation of these Rab proteins into domains provides a mechanism whereby the late
endosome can be compartmentalized into regions that have distinct intracellular fates.

Discussion

Despite the central role that lysosomes play in cellular homeostasis, how membrane receptors
are delivered from the endocytic pathway for degradation remains an area of active
investigation (2). In the current study we have analyzed the intracellular trafficking processes
that lead to the transfer of the Fc receptor, FcRn, from late endosomes to lysosomes. In contrast
to previously described receptors (11), we demonstrate that FcRn does not enter ILVs in late
endosomes prior to lysosomal delivery. The pathway that this receptor takes in transit to
lysosomes is therefore distinct to the ubiquitin-dependent and -independent processes for ILV
entry (7-11). In this context, the lysine residue in the cytosolic tail of human FcRn is not
conserved in mouse FcRn (45,46), and the similar behavior of mouse and human FcRn
therefore indicate that the trafficking of this receptor is ubiquitin-independent. Our analyses
also demonstrate that FcRn delivery to lysosomes occurs via fusion processes that usually
involve tubular transport or organellar interactions that resemble kiss-and-linger (5,6,35,36),
rather than complete merging of the participating organelles.

Our data are consistent with the following model that encompasses several novel features for
the lysosomal delivery of membrane receptors (Figure 6). The receptor is present on the
membrane of Rab5* early endosomes that mature into Rab5*Rab7* late endosomes. Recycling/
transcytotic receptors such as FcRn that remain on the limiting membrane can segregate from
these endosomes into the recycling/transcytotic pathway, or enter lysosomes via processes that
usually employ tubular connections or resemble kiss-and-linger events (5,6,35,36) but do not
involve ‘backflow’ of lysosomal contents. This functional plasticity of endosomes is congruent
with the formation of membrane domains that are characterized by distinct compositions of
Rab GTPases and lipids (47,49,50). Transfer can be mediated by an extension of a tubule from
one compartment to another, or by direct contact of the two compartments. By contrast,
complete fusion of late endosomes and lysosomes is rarely observed. Transfer by tubular
extensions would be expected to limit content mixing, and might be analogous to the exocytic
processes that involve direct endosomal-plasma membrane connections that we have described
previously (43). Interestingly, tubules can either retract to, or separate from, their donor
organelle following or during transfer of material to lysosomes. Movement of the Fc receptor,
FcRn, from the late endosome to the lysosome is rapidly followed by internalization into the
intraluminal space, via a process that might resemble ILV internalization in MVBs/late
endosomes (11). By contrast, proteins such as LAMP-1 migrate in a bidirectional fashion
between the limiting membranes of late endosomes and lysosomes. The model also
incorporates features concerning the behavior of the Rab GTPases, Rab5 and Rab7. Although
Rab7 acquisition appears to be a prerequisite for a late endosome to reach a state of fusion
competence with lysosomes, complete loss of Rab5 is unexpectedly not.
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The dominance of selective transfer processes such as via tubular connections, rather than
complete fusion, during lysosomal delivery has several important consequences: first, it
provides a mechanism for the exclusion of Rab5 transfer to lysosomes, which, if it occurred,
could promote (early) endosomal-lysosomal fusion (17,18) with concomitant degradation of
endosomal contents. Second, in a more general sense, tubular transfer and kiss-and-linger type
modes allow late endosomes to retain functional plasticity so that receptors on the limiting
membrane can be selectively recycled or degraded. By extending the window of time during
which recycling can occur, this might improve the fidelity of this process. Third, these transfer
modes remove the necessity for organelle retrieval from hybrid compartments (2,5).

We observe that FcRn transfer to lysosomes occurs without detectable ‘backflow’ of lysosomal
contents such as dextran to late endosomes. The involvement of tubular extensions with large
surface area to volume ratios could regulate this. In this context, size selective transfer of
dextran between compartments on the endocytic, phagocytic and exocytic pathways has been
shown to occur in several distinct cell types (51-54). Constriction of the tubule could also occur
in the vicinity of the truncation point with the donor organelle for tubules that separate, or
closer to their “fusing’ end for tubules that retract back to their donor organelle. Such processes
might also, for example, play a role in limiting endosomal release in exocytic pathways where
tubular connections undergo exocytosis whilst retaining endosomal connectivity (43).

A study that is complementary to our analyses has described the processes that are involved
in the transfer of the lumenal content of late endosomes to lysosomes in rat kidney fibroblast
cells (5). Full fusion events between late endosomes and lysosomes were observed relatively
frequently, and transfer of dextran between organelles occurred during kiss-and-run/kiss-and-
linger events. These differences in mechanisms for membrane receptor and luminal content
transfer suggest that late endosomes might have specific stages of maturation that are active
in the transfer of these distinct constituents. Consistent with this, others have shown that not
all endosomes or late endosomes/MVBs in a given cell are functionally equivalent (22,55).

Following transfer from the limiting membrane of late endosomes, FcRn enters the intraluminal
space of the lysosome. This contrasts with the behavior of the lysosomal membrane protein,
LAMP-1, which migrates bidirectionally between the limiting membranes of late endosomes
and lysosomes without detectable levels of FcRn. This suggests that the transfer and/or entry
of FcRn into the lysosomal lumen is driven by a selective process that has not, to our knowledge,
been described. Such a process could also be relevant for other, as yet unidentified, membrane
receptors that do not enter ILVs in late endosomes (or MVBs) via ubiquitin-dependent or -
independent processes (7-11). The question therefore arises as to why distinct lysosomal entry
pathways exist for different endocytic receptors. This could be related to a fundamental
difference between the pathways taken on the constitutive vs. stimulated degradative pathways;
stimulated pathways necessitate the degradation of essentially all relevant receptor cargo
whereas constitutive breakdown only applies to a fraction of the receptor load in late
endosomes. In addition, ILV entry into MVBs is known to extinguish signaling of receptors
such as EGFR (56), and a process that shortens the period of signaling activity post-
internalization might be advantageous.

Recent studies have reported that early endosomal maturation to late endosomes is
accompanied by gradual replacement of Rab5 by Rab7 (22). Based on these analyses, a model
inwhich all Rab5 is lost from late endosomes before they are competent to fuse with lysosomes
has been proposed (22). Our data demonstrate that Rab5 can persist on the membrane of late
endosomes during their interactions with lysosomes. In this context, others have shown that
this Rab is involved in trafficking at late stages of the endolysosomal pathway (53,57). Further,
although the lysosomes in HMEC-1 cells are Rab7*, they lack Rab5, which is consistent with
multiple earlier studies (17-20). In combination with the propensity of Rabs to form discrete
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domains on endosomes (47), this is congruent with the selective transfer of membrane
(associated) proteins to lysosomes during late endosomal-lysosomal interactions.

Although not a central focus of the current study, our analyses bear some relevance to the
intracellular fate of engineered 1gGs, which in turn impacts in vivo behavior. The 1gG that is
used in this study is an engineered variant of human IgG1 that, relative to wild type 1gG1, binds
to FcRn with enhanced affinity in the pH range 6.0-7.4 (41). 1gGs of this class have short in
vivo half-lives (58). In the current study we show that this IgG, which remains tightly associated
with FcRn and is not released during exocytic events (41,44), accumulates in lysosomes
following several hours of uptake into FcRn™ cells. This degradative fate provides a molecular
explanation for the reduced whole body persistence. By contrast, wild type 1gGs that bind to
FcRn at pH 6.0 but not detectably at near neutral pH are salvaged from lysosomal degradation
in FcRn expressing cells by recycling/transcytosis followed by exocytic release (23,44).
Consequently, such IgGs have relatively long in vivo half-lives.

In summary, we have elucidated the pathways by which the Fc receptor, FcRn, undergoes
constitutive degradation. These analyses reveal several novel aspects of endosomal/lysosomal
trafficking and have led to a model that could be generally relevant to other membrane
receptors. Our studies demonstrate that late endosomal contents are not irreversibly destined
for lysosomal degradation, with the dominant mechanism of lysosomal delivery involving
selective transfer by tubular extensions or kiss-and-linger like processes. We also show that
following transfer from the limiting membrane of late endosomes to lysosomes, FcRn
accumulates in the intraluminal space of these compartments in a pathway that distinguishes
it from other previously characterized receptors that enter ILVs in late endosomes/MVBs prior
to lysosomal delivery. These studies are of relevance to understanding the processes that
regulate the degradation of membrane receptors within cells.

Materials and methods

Plasmid constructs

Plasmids encoding human and mouse FcRn tagged at the N or C-terminus with enhanced GFP
or mRFP, and human or mouse B,-microglobulin (Bom), have been described (23,41). A
mutated variant of human FcRn (°79-89/136-147") that has higher affinity for binding to 1gG
(42) was used in human FcRn expression constructs. The nomenclature of the FcRn constructs
used in this study is as follows: GFP-FcRn, FcRn with GFP appended to N-terminus; FcRn-
GFP, FcRn with GFP appended to C-terminus etc.

An expression plasmid encoding LAMP-1-GFP (rat) was a generous gift of Prof. P. Luzio
(University of Cambridge, U.K). Plasmids to express Rab5 and Rab7 N-terminally tagged with
enhanced GFP were generously provided by Prof. M. Zerial (Max Planck Institute of Molecular
Cell Biology and Genetics, Germany). To generate plasmids to express mRFP-Rab5 and
mMRFP-Rab7, the Rab genes in GFP-Rab5 and GFP-Rab7 were recloned into a vector derived
from pEGFP-C1 (Clontech) in which the enhanced GFP gene was replaced by the gene
encoding mMRFP (59) as an Nhel-Bglll fragment. The genes encoding Rab5 and Rab7 were
recloned into the mRFP vector as Kpnl-BamHI and BgllI-EcoRI fragments, respectively.

Reagents and antibodies

Alexa 488, 555, and 647-labeled dextran (10,000 MW, anionic, fixable) were obtained from
Invitrogen (Carlsbad, CA). A mutated version of human IgG (MST-HN) that has been
engineered to bind through its Fc region with higher affinity to FcRn in the range pH 6.0-7.4
has been described (41). This IgG was labeled with Atto 647N-NHS ester (Atto-Tec, Siegen,
Germany) as recommended by the manufacturer’s methods.
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Mouse 1gG2a anti-Rab5 and mouse 1gG1 anti-EEA1 antibodies were purchased from BD
Biosciences (San Jose, CA). Mouse 1gG1 anti-LAMP-1 antibody (H4A3) was purchased from
the Developmental Studies Hybridoma Bank (lowa City, 1A). Alexa 488-labeled goat anti-
mouse 1gG2a and Alexa 555-labeled goat anti-mouse 1gG1 antibodies were purchased from
Invitrogen.

Sample preparation

The human endothelial cell line HMEC-1 was generously provided by F. Candal at the CDC
(Altanta, GA) and maintained as in (23). HMEC-1 cells were transiently co-transfected with
different combinations of expression constructs using Nucleofector technology (Amaxa
Biosystems, Cologne, Germany) as described in (23). These combinations are: FCRn-GFP
(human) (1 pug) and human Bom (1 ug); FcRn-GFP (mouse) (1 ug) and mouse Bom (1 pg);
mRFP-FcRn (human) (1 ug) and human Bom (1 pg); FcRn-mRFP (human) (1 pg) and human
Bom (1 pg); LAMP-1-GFP (rat) (1 png), mRFP-FcRn (human) (1 pg), and human Bom (1 pg);
GFP-Rab5 (0.5 ug), mRFP-FcRn (human) (1 ug), and human Bom (1 ug); GFP-Rab7 (0.5 pg),
MRFP-FcRn (human) (1 pg), and human gom (1 pg); MRFP-Rab5 (0.5 ug) and GFP-Rab7 (0.5

pg).

For pulse-chase studies with labeled dextran, cells were incubated with Alexa 488, 555 or
647-labeled dextran (500 pg/ml in phenol red-free HAM’s F-12 K medium at = pH 7.4) for 2
hours. Cells were then washed and chased in phenol red-free HAM’s F-12 K medium at ~ pH
7.4 for 1-6 hours. For incubation with Atto 647N-labeled IgG (MST-HN mutant), cells were
incubated with 5 pg/ml IgG in phenol red-free HAM’s F-12 K medium at =~ pH 7.4 for 1-24
hours.

For immunofluorescence studies, cells were fixed using 3.4% paraformaldehyde (15 min at
room temperature) and permeabilized using 0.5 mg/ml saponin in phosphate buffered saline
(PBS). Cells were then incubated with 1 pg/ml mouse 1gG2a anti-Rab5 and mouse IgG1 anti-
LAMP-1 or mouse 1gG1 anti-EEA1 primary antibodies in 1% BSA in PBS. Following a 25
min incubation at room temperature, cells were washed in PBS, and bound antibodies detected
by incubation in 2 ug/ml Alexa 488-labeled goat anti-mouse 1gG2a and Alexa 555-labeled goat
anti-mouse 1gG1 antibodies for 25 minutes at room temperature. Cells were washed and
mounted in Prolong (Invitrogen).

Fluorescence microscopy

For Figures 1A, B and 5B, images were acquired using a Zeiss (Thornwood, NY) Axiovert
200M inverted fluorescence microscope with a Zeiss 1.4 NA 100x Plan-APOCHROMAT
objective and a Zeiss 1.6x Optovar. Exciter HQ 470/40x, dichroic Q495LP, and emitter HQ
525/50m were used for Alexa 488, exciter HQ 545/30x, dichroic 570LP, and emitter HQ
593/40m were used for mRFP or Alexa 555 and exciter HQ 640/20x, dichroic Q660LP, and
emitter HQ 700/75m were used for Atto 647N or Alexa 647. All filters and dichroics were
purchased from Chroma Technology (Brattleboro, VT). Images were acquired with a
Hamamatsu Orca 100 CCD camera (Bridgewater, NJ).

For the lower panel of Figure 1A and all other images, cells were maintained at 35-37 °C using
an objective heater. Data were collected using a Zeiss Axiovert S100TV inverted fluorescence
microscope with a Zeiss 1.4 NA 100x Plan-APOCHROMAT objective and a Zeiss 1.6%

Optovar. A custom-built laser excitation system using a right side-facing filter cube has been
described previously (23, 44, 49). Three laser lines were used for wide-field excitation. A 488-
nm laser (Laser Physics, West Jordan, UT) was used for GFP excitation, a 543-nm laser

(Research Electro-Optics, Boulder, CO) for mRFP or Alexa 555 excitation and, a 633-nm laser
(JDS Uniphase, San Jose, CA) for Atto 647N or Alexa 647 excitation. Images were acquired
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with an Andor (South Windsor, CT) iXon camera. A beamsplitter 488/543/633 and emission
filters Z488/543/633m, HQ590/50m, HQ525/50m, and HQ690/90m from Chroma Technology
were used. The exposure time for each color was 500 ms, and a set of images for three colors
was acquired every 1.5s.

Image analysis

All data were processed and displayed using the custom-written Microscopy Image Analysis
Tool (MIATool) software package (www4.utsouthwestern.edu/wardlab) in MATLAB
(Mathworks, Natick, MA). The intensities of acquired data were linearly adjusted. Images were
overlaid and annotated. In overlay images, the intensities of the individual color channels were
adjusted to similar levels. When necessary, images were expanded to visualize the events of
interest. This expansion resulted in pixelation. The final images were exported for presentation
in Canvas 9 (ACD Systems, Miami, FL).

For intensity analyses of mRFP (FcRn; Figure 2C and Figure S2A), Atto 647N (1gG; Figure
3B, D and F) and GFP (LAMP-1; Figure 4C, Rab7; Figure S2C), regions of interest (ROISs)
were segmented manually from the mRFP (FcRn), Atto 647N (IgG) or GFP (LAMP-1 or Rab7)
channel images, respectively, and a threshold value was applied to the ROIs to determine pixels
belonging to these compartments. A background intensity value was subtracted from each pixel
in these compartments. The resulting values were added together to obtain the total mMRFP
(FcRn), Atto 647N (1gG) or GFP (LAMP-1 or Rab7) fluorescence intensities of the
compartments. For photobleaching analyses, a background intensity value was subtracted from
each pixel. The average intensities per pixel of the complete image for each frame were
multiplied by the maximum pixel numbers of the donor compartments, and the resulting values
were plotted over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

mRFP-tagged FcRn can be detected in the lysosomes of transfected HMEC-1 cells. HMEC-1
cells were co-transfected with mRFP-FcRn (human) and human B,m, FcCRn-mRFP (human)
and human pom, or FcRn-GFP (human) and human Bom, as indicated. Cells were pulsed with
Alexa 647- (A) or 488- (B) labeled dextran for 2 hours and chased for 1 (B) or 6 hours (A).
Compartments in the single color data for FcRn, dextran and 1gG are highlighted with
rectangles of the same colors as the arrowheads. Scale bars =5 pm. A, yellow arrowheads in
the upper panels indicate dextran™ lysosomes with mRFP tagged FcRn in the intraluminal
space. Both N- or C-terminally tagged FcRn can be detected in lysosomes. Red arrowheads in
the lower panels indicate dextran* lysosomes without detectable FcRn-GFP in the intraluminal
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space. B, after dextran pulse-chase, cells were incubated with Atto 647N-labeled 1gG for
different times as indicated. White arrowheads indicate endosomes with mRFP-FcRn*1gG*
limiting membranes. Red arrowheads indicate mRFP-FcRn*dextran* lysosomes without
detectable 1gG following 3 hours of 1gG incubation. Blue arrowheads indicate mRFP-
FcRn*dextran®IgG* lysosomes following 6 or 24 hours of IgG incubation.
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Figure 2.

Tubule-mediated transfer of FcRn from the limiting membrane of late endosomes to the
intraluminal space of lysosomes. HMEC-1 cells were co-transfected with LAMP-1-GFP,
mRFP-FcRn (human) and human pom. Individual images in A and B are presented with the
time (in seconds) at which each image was acquired (first image is arbitrarily set to time 0).
Images on the left hand side show complete cells, with the boxed regions expanded as cropped
images for the 0 second and later images. White arrows in the overlay images show the events
of interest that are also indicated in the single color (MRFP-FcRn) data by yellow arrows.
Images shown in A and B are individual frames of Movies S1 and S2. Scale bars =1 um. A,
a mRFP-FcRn* tubule extends from a late endosome (red arrowhead) to a lysosome (white
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arrowhead) from 13.5-16.5 s. At 16.5 s, the tubule merges with the lysosome and separates
from the late endosome. An additional lysosome (blue arrowhead, 0 s) merges with the first
lysosome (white arrowhead at 0 s) at 28.5-30 s. B, a mRFP-FcRn™ tubule extends from a late
endosome (red arrowhead) towards a lysosome (white arrowhead) at 0 s, merges with the
lysosome at 19.5 s and breaks away from the recipient lysosome at 24 s. C, the fluorescence
intensity plots for mRFP in the interacting compartments in A and B, with times of initiation
of transfer indicated.
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Figure 3.

Analyses of transfer of labeled IgG to lysosomes indicate distinct processes. HMEC-1 cells
were co-transfected with FcCRn-GFP (human) and human om (A) or FcRn-GFP (mouse) and
mouse Bom (C, E, and G). Cells were pulsed with Alexa 555-labeled dextran for 2 hours, chased
for 1 hour and incubated with 5 png/ml Atto 647N-labeled IgG for 7 (A), 5 (C), or 4 (E and
G) hours. Individual images in A, C, E, and G are presented with the time (in seconds) at which
each image was acquired (first image is arbitrarily set to time 0). Images shown in A, C and
E are individual frames of Movie S3, S4 and S5 respectively. Scale bars =1 um. A, a
dextran*1gG* lysosome (white arrowhead) interacts with an endosome (red arrowhead,
FcRn*IgG* limiting membrane) for an extended time period (27-94.50 s, when data collection
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was stopped). Detectable levels of 1gG are transferred from the endosome to the lysosome
(43.5-46.5 s). Events of interest are indicated by white arrows. The boxed region marked at 39
s is subsequently presented as cropped, single color (IgG) images in the lower row, with red
arrows indicating the same event. B, fluorescence intensity plots for Atto 647N (1gG) in the
lysosome and the endosome for A, with time of initiation of transfer indicated. C, a
FcRn*IgG™ late endosome (red arrowhead) interacts with a dextran*lgG* lysosome (white
arrowhead) for a prolonged period (58.5-517.50 s, when data collection was stopped) to transfer
IgG without detectable tubular extension(s). D, fluorescence intensity plots for Atto 647N
(1gG) in the lysosome and the endosome for C, with time of initiation of transfer indicated.
E, a FcRn*1gG™ tubule, indicated by white arrows, extends from a donor endosome (red
arrowhead) towards a dextran*IgG™* lysosome (white arrowhead), and contacts this lysosome
for 25.55 (12-37.5 s) before retracting. Detectable levels of IgG are transferred from this tubule
to the lysosome (30-33 s). A second tubule, indicated by yellow arrows, extends from the donor
endosome and interacts with another endosome (6-52.5 s) prior to retracting. The boxed region
at 30 s is presented as cropped, single color (IgG) images in the lower row, with red arrows
indicating 1gG transfer from the donor endosome to the lysosome. F, fluorescence intensity
plots for Atto 647N (IgG) in the lysosome and the endosome for E, with time of initiation of
transfer indicated. G, later frames corresponding to E, showing that a FcRn*IgG* tubule (white
arrows) extends (205.5 s) and leaves (234 s) the donor endosome after the same endosome has
interacted with the lysosome (E).
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Figure 4.
Bidirectional transfer of LAMP-1 involving tubules between late endosomes and lysosomes.

HMEC-1 cells were co-transfected with LAMP-1-GFP, mRFP-FcRn (human), and human
Bom. Cells were incubated with Atto 647N-labeled 1gG for 4.5 (A) or 3 (B) hours. Individual
images in A and B are presented with the time (in seconds) at which each image was acquired
(first image is arbitrarily set to time 0). Events of interest are indicated by white arrows. The
boxed regions at 39 (A) or 12 (B) seconds are presented as cropped, single color (LAMP-1)
images in the lower row(s), with red arrows indicating the same events. Images shown in A
and B are individual frames of Movie S6 and S7, respectively. Scale bars =1 um. A, a tubule
(white arrows) extending (0 s) from the lower part of a late endosome (red arrowhead), forms
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a vesicular compartment on the limiting membrane (7.5 s), moves around the perimeter of the
late endosome, extends a tubule (39 s) and contacts (40.5 s) the limiting membrane of a
lysosome (LAMP-1* limiting membrane; mRFP-FcRn*1gG* intraluminal space; white
arrowhead), transfers LAMP-1 (40.5-43.5 s) and separates from the late endosome at 43.5 s.
The LAMP-1single color data is presented in the middle row, with the yellow arrows indicating
the same tubulovesicular compartment. B, two different tubules extend sequentially (starting
at 12 s) from a lysosome (white arrowhead) to a late endosome (red arrowhead) and transfer
LAMP-1 over two time windows (12-18, 24-25.5 s), as indicated by white arrows.
Subsequently, the LAMP-1 appears to diffuse into the limiting membrane of the late endosome.
No transfer of MRFP-FcRn could be detected. C, the fluorescence intensity plots for LAMP-1-
GFP in the interacting compartments in A and B, with times of initiation of transfer indicated.
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Figure 5.

Associations of the Rab GTPases, Rab5 and Rab7, with late endosomes that interact with
lysosomes. HMEC-1 cells were co-transfected with GFP-Rab5, mRFP-FcRn (human) and
human Bom (A), GFP-Rab7, mRFP-FcRn (human) and human om (C, D), or mRFP-Rab5 and
GFP-Rab7 (E). Cells were pulsed with Alexa 647-labeled dextran for 2 hours and chased for
2(A),5(C),4 (D), or 6 (E) hours. Individual images in A, D and E are presented with the time
(in seconds) at which each image was acquired (first image is arbitrarily set to time 0). Images
shown in A and D are individual frames of Movie S8 and S9 respectively. Scale bars = 1 um.
A, aFcRn*Rab5tubule, as indicated by white arrows, extends (3 s) from an endosome (MRFP-
FcRn*Rab5* limiting membrane; red arrowhead), contacts a lysosome (mMRFP-
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FcRn*dextran™ intraluminal space; white arrowhead) between 4.5 and 6 seconds and transfers
mRFP-FcRn over a period of 3 s (12-15 s). The boxed region at 3 seconds is subsequently
presented as cropped, single color (MRFP-FcRn) images in the lower two rows. The intensity
plots for mRFP-FcRn in the interacting compartments and the photobleaching analysis for
mRFP-FcRn are shown in Figures S2A and S2B, respectively. B, HMEC-1 cells were fixed,
permeabilized and stained with anti-EEAL or LAMP-1 and anti-Rab5 antibodies.
Compartments in the single color data for Rab5, EEA1 and LAMP-1 are highlighted with
polygons of the same colors as the arrowheads. The red arrowhead in the upper left panel
indicates a LAMP-1*/Rab5™" late endosome. The accumulation of Rab5 into discrete domains
or clusters on the late endosome can be observed in the Rab5 single color and overlay data.
White arrowheads in the upper left panel indicate lysosomes with higher LAMP-1 levels than
the late endosome. There is no detectable Rab5 in the lysosomes. Yellow arrowheads in the
lower left panel indicate Rab5"/EEAL* compartments. C, yellow arrowheads indicate mRFP-
FcRn*dextran™ lysosomes with Rab7 on the limiting membrane. D, a Rab7* tubule, indicated
by white arrows, extends (27 s) from a late endosome (mMRFP-FcRn*Rab7* limiting membrane;
red arrowhead), contacts (39 s) a lysosome (mMRFP-FcRn*dextran™ intraluminal space; white
arrowhead) and transfers Rab7 over a 3 second period (39-42 s). The boxed region at 33 seconds
is presented as cropped, single color (Rab7) images in the lower row. The intensity plots for
GFP-Rab7 in the interacting compartments and the photobleaching analysis for GFP-Rab7 are
shown in Figures S2C and S2D, respectively. E, a lysosome (Rab7* limiting membrane and
dextran* intraluminal space; white arrowhead) interacts with a Rab5"Rab7* endosome (red
arrowhead) from 10.50 s onwards. The green arrowhead indicates a small Rab5* endosome
interacting with the lysosome.
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Figure 6.

A model for the transfer of FcRn from late endosomes to lysosomes. Rab5* FcRn* early
endosomes can mature to Rab5"Rab7™* late endosomes. The receptors remain on the limiting
membrane of late endosomes and can either enter the recycling/transcytotic pathways or
lysosomes. Transfer of FcRn from the limiting membrane of late endosomes to lysosomes can
occur via several different processes as indicated. FcRn transfer to lysosomes is rapidly
followed by internalization into the intraluminal space of lysosomes, whereas LAMP-1 persists
on the limiting membrane. The lower frequency of full fusion events relative to the other types
of processes is indicated by a dotted arrow.
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