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The intracellular events on the recycling pathway that lead from
sorting endosomes to exocytosis at the plasma membrane are
central to cellular function. However, despite intensive study,
these processes are poorly characterized in spatial and dynamic
terms. The primary reason for this is that, to date, it has not been
possible to visualize rapidly moving intracellular compartments in
three dimensions in cells. Here, we use a recently developed
imaging setup in which multiple planes can be simultaneously
imaged within the cell in conjunction with visualization of the
plasma membrane plane by using total internal reflection fluores-
cence microscopy. This has allowed us to track and characterize
intracellular events on the recycling pathway that lead to exocy-
tosis of the MHC Class I-related receptor, FcRn. We observe both
direct delivery of tubular and vesicular transport containers (TCs)
from sorting endosomes to exocytic sites at the plasma membrane,
and indirect pathways in which TCs that are not in proximity to
sorting endosomes undergo exocytosis. TCs can also interact with
different sorting endosomes before exocytosis. Our data provide
insight into the intracellular events that precede exocytic fusion.

immunoglobulin G | multifocal plane imaging | neonatal Fc receptor |
sorting endosome | total internal reflection

ecycling and exocytosis of receptors and their cargo represent

fundamental trafficking processes that have been intensively
studied by using both biochemical and imaging techniques (1-3).
The use of total internal reflection fluorescence microscopy
(TIRFM) (4) has led to significant insight into the nature of exocytic
events (5-10). In this technique, a thin layer of the cell adjacent to
the coverglass is illuminated, which allows for high-sensitivity
imaging of events on the plasma membrane. However, the illumi-
nation of only a thin section of the cell, including the plasma
membrane, has the limitation that events cannot be visualized that
precede exocytosis at sites deeper within the cell (11). As a
consequence, there is uncertainty concerning the nature of the
processes that lead to exocytic release (12-15). For example, the
origin of the exocytosing vesicles or tubules is typically difficult to
determine, and it therefore remains a matter of controversy as to
whether recycling from sorting endosomes involves direct fusion of
endosomes or some vesicular/tubular intermediates (16). Resolving
such issues is of central importance to understanding intracellular
trafficking.

To address such uncertainties, we have introduced a microscope
configuration that permits the simultaneous imaging of multiple
focal planes within a cell (17). In particular, this microscopy setup
allows for the imaging of doubly labeled cellular components on the
plasma membrane by using total internal reflection illumination
and, at the same time, in the interior of the cell by using epifluo-
rescence. In this way, dynamic processes such as the movement of
transport containers (TCs) from the cell interior to the plasma
membrane that would be difficult to track by using other imaging
methods can be visualized.

www.pnas.org/cgi/doi/10.1073/pnas.0700337104

In this study, we have analyzed events preceding exocytosis in
the recycling pathway taken by the MHC class I-related receptor,
FcRn (18). Through its ability to transport IgGs within and
across cells, this Fc receptor is known to play a central role in the
maintenance of serum IgG levels and in the trafficking of IgG
molecules across cellular barriers (19-26). The available data
support the model (27) that IgGs are taken up by cells through
fluid-phase pinocytosis. The pH dependence of the IgG-FcRn
interaction is such that binding is relatively strong at pH 6.0 but
becomes negligible as near-neutral pH is approached (28-31).
Following uptake into cells, IgG can therefore bind to FcRn in
slightly acidic sorting endosomes (32). FcRn subsequently trans-
ports bound IgG from the sorting endosomes to the plasma
membrane, where cargo is released at near-neutral pH during
exocytic events (10).

Our analyses provide insight into the intracellular processes
that lead to exocytosis of FcRn and its IgG cargo. In particular,
we describe distinct classes of events that precede exocytic
fusion. Representing a direct pathway from sorting endosomes to
exocytosis, we observe tubular TCs that in some cases appear to
form contiguous connections between the endosome and plasma
membrane. Before exocytosis, TCs can also arrest for varying
time periods at intracellular locations that are distal to sorting
endosomes. We therefore observe direct and indirect pathways
to exocytosis and provide dynamic insight into the intracellular
events that constitute these pathways. Visualization of these
pathways provides insight into how FcRn functions as a salvage
receptor within cells to regulate IgG transport and levels.

Results

The primary focus of this study was to investigate intracellular
trafficking events that precede exocytosis. We have shown
previously that human FcRn sorts bound IgG into a recycling
pathway that overlaps with that taken by the transferrin receptor
(32). This sorting occurs in early endosomes that, based on
transferrin and dextran trafficking, can be defined as sorting
endosomes. Sorting is followed by exocytic events at the plasma
membrane that involve FcRn (10). To analyze FcRn trafficking,
we have used endothelial cells transfected with FcRn-
fluorescent protein constructs in combination with a multiplane

Author contributions: P.P., S.R., R.J.O., and E.S.W. designed research; P.P., S.R.,, C.V,, and
E.S.W. performed research; P.P.,J.C,, S.R., S.G., R.J.O., and E.S.W. contributed new reagents/
analytictools; P.P., Z.G., J.C,, S.R., R.J.O., and E.S.W. analyzed data; and P.P., J.C,, S.R., R.J.O.,
and E.S.W. wrote the paper.

The authors declare no conflict of interest.

Abbreviations: FcRn, neonatal Fc receptor; TIRFM, total internal reflection fluorescence
microscopy; TC, transport container; QD, quantum dot.

*To whom correspondence may be addressed. E-mail: sally.ward@utsouthwestern.edu or
ober@utdallas.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0700337104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | April 3,2007 | vol. 104 | no.14 | 5889-5894

CELL BIOLOGY



http://www.pnas.org/cgi/content/full/0700337104/DC1
http://www.pnas.org/cgi/content/full/0700337104/DC1

Lo L

P

1\

=y

Intermediate Plane

i ,
(MRFP-FcRn) e il oo gk
[0.6 um]
A

%)

Membrane Plane
(pHIluorin-FcRn)
[0 pm]

’ ~<Cell

Endosome

Tubule

extending out membrane

Tubule approaching

Tubule Tubule Tubule

Exocytosis retracting |extending out| detaching

Fig. 1. Partial exocytic fusion of a tubule extending from a sorting endosome. HMEC-1 cells cotransfected with pHIuorin-FcRn and mRFP-FcRn were imaged.
Individual images showing an area of interest of a cell are presented with the time (in seconds) at which each image was acquired (first image is arbitrarily set
to time 0). FcRn is shown in green, and the events of interest are highlighted in red (resulting in yellow-orange overlay). A tubule (leftward arrows) extends from
a sorting endosome in the intermediate plane (0.51-2.38 s) and approaches the plasma membrane (2.38-2.55 s, upward arrows). Partial fusion (upward arrow)
is observed on the membrane plane (2.89 s) at the tip of this tubule while it appears to remain connected to the sorting endosome. Immediately after exocytosis,
this tubule retracts toward the sorting endosome (3.23 s), subsequently detaches, and moves away from the sorting endosome. Images shown are individual
frames of SI Movie 1. The images have been presented without highlighting and also as surface displays in SI Fig. 4 (with corresponding SI Movies 2 and 3,

respectively). (Scale bar, 1 um.)

imaging setup, which allows the simultaneous visualization of
fluorescently labeled cellular components in several planes
within the cell by using epifluorescence and on the surface of the
cell by using TIRFM (17). To detect FcRn, we have used
constructs in which FcRn is tagged with fluorescent proteins at
either the N or C terminus. The location of the fluorescent
protein with respect to FcRn does not appear to affect the
results. To facilitate the visualization of exocytic events in most
of the experiments, a pH-sensitive variant of GFP [ecliptic
pHluorin (33)] that has substantially higher fluorescence emis-
sion at near-neutral pH relative to acidic pH has been used [see
supporting information (SI) Text, Sections 1 and 5]. For the
visualization of events by using simultaneous TIRF (membrane
plane) and epifluorescence (upper planes) imaging, cells were
cotransfected with constructs encoding FcRn tagged with GFP/
pHluorin and mRFP (see SI Text, Section 5 for the rationale for
the different experimental setups used).

Direct Delivery of Transport Containers from Sorting Endosomes to
Exocytic Sites. We observed that multiple exocytic events can
occur in close proximity to sorting endosomes (Fig. 1, see also SI
Figs. 4 and 5 and SI Movies 1-5). After visual inspection,
exocytic events were verified by using quantitative methods
analogous to those described in refs. 6 and 7 (see also SI Text,
Section 6). In some cases, tubular TCs can be seen extending
from sorting endosomes and migrating toward the plasma mem-
brane (Fig. 1). In the data presented in Fig. 1, the tip of the tubule
(=1.5 pm long) is seen to merge with the plasma membrane in
an exocytic event that lasts for ~0.3 s. In the example shown,
exocytic fusion is followed by retraction of the tubule back to the
sorting endosome (within ~2 s after exocytosis). In a second
example, two sequential fusion events (=9 s apart) involve a
tubule that extends from a sorting endosome and appears to
fragment before the second fusion event, so that the “free” TC
is involved in exocytosis (SI Fig. 6 and SI Movies 6 and 7). In
contrast, the data shown in Fig. 1 suggest that the tubule is
connected to the sorting endosome during the exocytic event.
However, whether this connection is maintained continuously
throughout the analysis period is uncertain because of the
limitations of the sensitivity of fluorescence imaging. In addition,
tubular TCs can fuse along their “edges” with the plasma
membrane rather than at their tips (SI Fig. 7 and SI Movies
8-10), consistent with earlier studies involving TIRFM imaging
of the biosynthetic pathway (34).
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Exocytic Events Involving Transport Containers That Are Distal to
Sorting Endosomes. In contrast to the data described above,
exocytosis can also involve TCs that are not in proximity to
sorting endosomes (Fig. 2 4 and B; see also SI Fig. 8 and SI
Movies 11-14). In these events, TCs can travel a significant
distance within the cell before becoming stationary above the
plasma membrane. The TCs typically stay in these “holding
zones” for significant amounts of time (mean: 7.7 * 4.8 s, n =
18) before exocytosing. The existence of such a holding zone can
be observed above the focal plane in Fig. 24, where QD655-
labeled IgG is seen leaving a sorting endosome in an FcRn-
positive TC (<0.5 wm in diameter). In these analyses, a mutated
human IgG1 variant (MST-HN) that has higher affinity relative
to wild-type IgG1 (35) was used in combination with a mutated
variant of human FcRn (FcRn_mut) (36) tagged with mRFP. The
FcRn_mut:MST-HN interactions at both pH 6.0 and near-
neutral pH have substantially higher affinities relative to the
corresponding wild-type human FcRn:human IgG1 interactions
[at pH 6.0, Kp; = 0.7 nM for FcRn_mut:MST-HN vs. 528 nM for
the wild-type molecules; at pH 7.2, Kp; = 4.5 nM for
FcRn_mut:MST-HN vs. immeasurably low affinity for the wild-
type molecules; (35) and SI Text, Section 2]. This allows efficient
uptake of QD655-1gG complexes in medium at near-neutral pH
when IgG concentrations of 10 nM are used. In addition, flow
cytometry and microscopy analyses indicate that QD655-IgG
(MST-HN) uptake is specific and FcRn-dependent (see SI Text,
Sections 3 and 4). Importantly, the involvement of cargo (IgG)
in this series of events indicates that this trafficking is on the
recycling, rather than the biosynthetic, pathway. After the de-
parture of the TC from the sorting endosome, a second com-
partment containing QD-labeled IgG approaches and intersects
with the earlier compartment (Fig. 24). Subsequently, (=9 s
after intersection of TCs), one TC is seen exocytosing, whereas
the other TC (visible in a focal plane that is 0.5 um above
the plasma membrane) moves away from the trafficking
intersection.

Similar intersection of TCs can also be seen where there is
a significant delay (=7 s) between the “aggregation” event and
exocytic events (Fig. 2B). In Fig. 2B, two FcRn* TCs (~1 and
2 um long) enter a holding zone that can be visualized in the
upper focal plane. One of these TCs originates (visible in two
focal planes that are 0.6 and 1.2 um above the plasma
membrane) from a sorting endosome before traveling ~6 um
within the cell, again demonstrating that the recycling pathway
is being analyzed. The movement of TCs into the holding zone
is followed by two exocytic events ~7 and 33 s later. In
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Fig. 2. TCs can migrate into “holding zones" before exocytosis. Individual images showing areas of interest of transfected HMEC-1 cells are presented with
the time (in seconds) at which each image was acquired (first image is arbitrarily set to time 0). (4) Cells cotransfected with pHluorin-FcRn and FcRn_mut-mRFP
(36) were incubated in medium (~pH 7.3) with QD655-human IgG1 mutant [MST-HN (35)] complexes and Alexa Fluor 555-labeled transferrin before and during
imaging. FcRn and transferrin (detected in the same channel) are indicated by green and QD-IgG complexes by red. The events of interest are highlighted in blue.
An FcRn/transferrin-positive TC with 1gG (leftward arrow) leaves a sorting endosome at 8.50 s. Later, another TC containing IgG (downward arrows) enters the
same holding zone (28.90's). One of the TCs exocytoses (38.76s), releasing IgG (rightward arrows) on the membrane plane. The second TC (upward arrows) moves
away from the holding zone in the top plane. The images have been presented as surface displays in Sl Fig. 8A and B (with corresponding SI Movie 12). (Scale
bar, 1 um.) (B) HMEC-1 cells cotransfected with pHluorin-FcRn and FcRn-mRFP were imaged. FcRn is shown in green, and the events of interest are highlighted
in red (resulting in yellow-orange overlay). A tubule (leftward arrows) leaves a sorting endosome (1.70 s) and enters a holding zone (7.82-8.33 s) in the
intermediate plane in proximity to a second TC (upward arrows). One of the TCs fuses with the plasma membrane at 15.30-15.64 s (rightward arrows) and the
second TCsubsequently exocytoses at41.14-41.82 s (downward arrows). Rectangles marked at 8.33 s are subsequently presented as cropped images. Focal planes
marked as “'T,” “I,” and "M"’ denote top plane, intermediate plane, and membrane plane, respectively, in the cropped images. Individual images in A and B are
from S| Movies 11 and 13, respectively. The images have been presented without highlighting in SI Fig. 8C (with corresponding SI Movie 14). [Scale bars: 5 um
(Bottom Left) and 1 um (Upper Right, in frame marked with “M").]

addition, the behavior associated wit olding zones can be an , movement of the ~] upm long) in the membrane
dditi he behavi iated with holding b d 18 f the TC (=1 long) in th b
more complex than the events shown in Fig. 2, with multiple  plane is initially observed, followed by a stationary phase and
entering and leaving events of TCs (SI Fig. 9 and SI Movies 15  interaction with a small vesicle that appears to trigger exocytosis.
and 16). Fig. 3B shows the intensity width-square and core annulus
Importantly, the data in Fig. 24 also show that the immediate  intensity plots for this exocytic event (see SI Text, Section 6.3 for
fate of the TC in the holding zone is not predetermined, i.e., it details ‘9f .quan.tltz,lytlve methods used). In a second example of
can exocytose directly below the holding zone or it can travel ~ Such a “triggering” event (SI Fig. 11 and ST Movies 19 and 20),
above the plasma membrane away from the holding zone. In 2 TC is observed that moves from the upper plane (0.6 m) to
addition, the different timing and destinations of the TCs the membrane plane, where it arrests for ~10 s. A small vesicle

. . . . T (<0.5 pwm in diameter) moves from the upper plane to the
entering and l'eavmg holding zones is an indication that the TCs |~ *00 o plane and appears to interact with this TC. This
do not fuse with each other at these sites.

interaction is followed within ~0.3 s by an exocytic event.

. . . . . Such “triggering” vesicles are not seen before all exocytic
Small Vesicles Can Be Associated with the Triggering of Exocytic  oyents However, the vesicles that can be detected are small with
Events. The question arises as to what determines whether and  very low signal levels and may therefore be below the level of
when a TC that is in a holding zone will exocytose. Interestingly,  detection in some cases. It is, however, also possible that the
in some cases small vesicles can be observed that collide with  “triggering” vesicles are not causally related to the exocytic
larger TCs, and these interactions can be rapidly followed by  process and are therefore not associated with every exocytic
exocytic events. In Fig. 3 (see also SI Fig. 10 and SI Movies 17  event.
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Fig. 3. Exocytosis of a TC can be preceded by interaction with a smaller vesicle. HMEC-1 cells cotransfected with FcRn-GFP and FcRn-mRFP were imaged. (A)
Individual images showing area of interest of a cell are presented with the time (in seconds) at which each image was acquired (first image is arbitrarily set to
time 0). FcRn is shown in green, and events of interest are highlighted in red (resulting in yellow-orange overlay) or blue. A small vesicle (highlighted in blue,
rightward arrows) moves away from a tubule in the membrane plane (3.38-5.50 s) and then appears to be stationary for ~7s. ATC (highlighted in red, leftward
arrows) moves ~6 um in the membrane plane (9.63-12.25 s) before becoming stationary (12.25-14.88 s). Subsequently, the vesicle (highlighted in blue) moves
and appears to interact with the TC at 15.00 s. After this collision, the TC fuses (within =1 s) with the plasma membrane in an exocytic event (16.25-16.38 s,
downward arrows), which lasts for ~0.1 s. Images shown are individual frames of S| Movie 17. The images have been presented without highlighting in Sl Fig.
10 (with corresponding SI Movie 18). (Scale bar, 2 um.) (B) Quantitative analysis of the exocytic fusion event. (Left) The fit intensity width-square plot as a function
of time. (Right) The core annulus intensity plot as a function of time for the same TC. S/ Text, Section 6.3 describes further details of the analytical approaches

used to analyze exocytic events.

TCs Can Have Indirect Itineraries. TCs, some of which are seen to
leave sorting endosomes, can take different intracellular path-
ways that involve their interaction with distinct sorting endo-
somes. In SI Fig. 12 (see also SI Movies 21 and 22) a tubular TC
(=1.5 um long, initially visible in a focal plane that is 1.3 um
above the plasma membrane), leaves a sorting endosome and
then travels to the membrane plane, where it remains for ~20 s
before moving to a higher focal plane, where it appears to fuse
with a second sorting endosome. Alternatively, SI Fig. 13 (see
also SI Movies 23 and 24) shows a tubular TC (=2 um long,
initially visible in two focal planes that are 0.5 um and 1.1 um
above the plasma membrane) that interacts with an extended
tubule from a sorting endosome and then travels ~4 um to a
holding zone, where it remains for ~5 s before it moves to the
plasma membrane and exocytoses. Collectively, the data show
that TCs can interact with multiple sorting endosomes within a
cell and, most importantly, that the pathway of a TC to exocytosis
can involve more than one interaction with sorting endosomes.

Discussion

Recycling of receptors and their cargo is a fundamental aspect
of cell biological processes. FcRn-mediated recycling of IgG
represents an example of a salvage pathway where cargo interacts
with cognate receptor in sorting endosomes and is subsequently
transported to the membrane, where exocytic release occurs (10,
32). These exocytic events can be visualized by using TIRFM
(10). However, to date, there is a paucity of data concerning the
nature of the intracellular trafficking events that comprise the
recycling pathway and lead to exocytosis of FcRn and other
recycling receptors. As a result, the nature of these processes has
been the subject of controversy (12-16). In this study, we have
investigated these pathways using a multiplane imaging modality
that allows for the simultaneous observation of events in mul-
tiple focal planes within and at the surface of a cell. As such, this
permits the tracking of rapidly moving intracellular compart-
ments, which might not be possible to image by using more
conventional approaches.

5892 | www.pnas.org/cgi/doi/10.1073/pnas.0700337104

We show that different types of intracellular events can
precede exocytosis. The events can be broadly classified into
direct and indirect pathways: the direct pathway involves exocytic
sites that are proximal to sorting endosomes. In some of these
exocytic events, tubular TCs can be observed that extend from
the sorting endosome and subsequently undergo exocytosis.
Interestingly, in some cases, these tubular extensions appear to
form a continuous connection between the sorting endosome
and the plasma membrane. The second type of event (“indirect”
events) occurs at sites that are more distal to sorting endosomes.
In these cases, the TCs can travel relatively long distances within
the cell before exocytosis. These TCs can pass through holding
zones, where they can accumulate and sequentially exocytose. In
some cases, not all TCs in the holding zone undergo exocytosis,
indicating that intracellular location at such a zone alone is
insufficient to ensure exocytic fusion. The holding of TCs at
these sites before their exocytosis suggests that a trigger is
needed to prompt subsequent exocytosis. In some cases, we
observe that exocytosis of a TC can be preceded by the move-
ment of a relatively small vesicle in close proximity, suggesting
that this vesicle might endow the TC with the necessary com-
plement of components to trigger exocytosis.

Based on the kinetics and cell biology of constitutive (e.g.,
transferrin receptor) and regulated recycling, slow and fast
pathways have been described (8, 13, 37, 38). However, the
intracellular processes in terms of TCs and their itineraries that
lead to these two pathways are not well characterized. This is
particularly so for the direct pathway from sorting endosome to
plasma membrane, where mechanisms ranging from the shut-
tling of TCs between endosomes and the plasma membrane to
direct (lysosomal-like or exosomal) (39) fusion of the sorting
endosome have been suggested (16). Here, we present data that
demonstrate types of TC behavior that might be representative
of kinetically distinct pathways. Our data are also consistent with
recycling models that invoke distinct intracellular pathways (8,
13,37, 38, 40), rather than models involving different rates along
the same pathway (12, 41).
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Observation of the exocytic events described in this article by
using only TIRFM could lead to ambiguity. For example,
multiple exocytic release events shown in Fig. 2B might be
interpreted in several ways: they might be due to sequential,
partial release events from the same TC or emanate from
discrete TCs. Our multiplane imaging setup allows us to define
the origin and nature of TCs that subsequently fuse with the
plasma membrane. Similarly, the event in which an extended
tubule on the direct pathway fuses with the plasma membrane at
its tip and then retracts might be interpreted as a kiss-and-run
type of exocytic event (42, 43) if visualized by using only TIRFM.
Our methodology therefore allows significant insights concern-
ing the dynamics of intracellular trafficking in three dimensions.
However, this approach also has limitations. For example,
TIRFM is a more sensitive imaging approach for fluorescence
detection relative to epifluorescence microscopy. Therefore TCs
that are not brightly labeled might be visualized by using TIRFM
near the plasma membrane, but may be undetectable by using
epifluorescence and consequently not be trackable back to the
interior of the cell. In addition, photobleaching also poses a
significant problem and limits the time for which the TCs can be
tracked. Furthermore, by comparison with the field of view in
our imaging setup, HMEC-1 cells can be very large. As a result,
TCs may become untrackable because of departure from the
field of view.

Our results raise questions concerning the role of different
intracellular trafficking pathways, such as why does not all
recycling occur by the apparently more efficient route from
sorting endosomes to the plasma membrane? It has been sug-
gested that the slow recycling pathway might be involved in more
effective segregation of receptors for transcytosis (13) and may
therefore be particularly relevant for polarized cells. We also
observe that the pathway of exocytosing TCs can involve more
than one interaction with sorting endosomes. Such processes
may allow the same TC to iteratively collect cargo and thereby
increase the efficiency of recycling.

In summary, we have elucidated aspects of the recycling/
exocytic pathway. This has been achieved by using a recently
developed multiplane imaging setup. Our data define distinct
intracellular trafficking routes for which visualization would be
difficult, if not impossible, by using other imaging approaches.
These studies have relevance to understanding how FcRn func-
tions as a salvage receptor to maintain IgG transport and levels
in addition to being more generally applicable to recycling
receptors.

Materials and Methods

Plasmid Constructs. Plasmid constructs to express human FcRn
fused at the C terminus to enhanced GFP (in pEGFP-NI;
Clontech, Mountain View, CA; FcRn-GFP) and human B2-
microglobulin (B2m) have been described (32). Similar con-
structs to express a FcRn-monomeric RFP (FcRn-mRFP) fusion
protein were generated by first recloning the mRFP gene
(generously provided by Roger Tsien, University of California at
San Diego, La Jolla, CA) (44) as a BamHI-NotI fragment to
replace eGFP in pEGFP-N1 and then recloning the FcRn gene
as an EcoRI fragment into this vector. To generate FcRn_mut-
mRFP, this construct was subsequently modified by replacing
wild-type FcRn codons with corresponding codons encoding the
79-89/136-147 mutation that confers higher-affinity binding to
IgGs on human FcRn (36).

N-terminal fusions of fluorescent protein genes were made by
inserting a Kpnl site, followed by codons encoding a Gly-Gly-Ser
linker between the 3’ end of the human FcRn leader peptide and
sequence encoding the mature N terminus of FcRn (45) by using
splicing by overlap extension (46). This gene was assembled into
the Nhel and Sall sites of a variant of pEGFP-C1 in which the
fluorescent protein gene and Kpnl site had been deleted. Genes
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encoding either mRFP or pHluorin (ecliptic) were appended
with Kpnl sites by using designed oligonucleotides and the PCR
and were then inserted in-frame into the Kpnl site. The gener-
ation of a gene encoding ecliptic pHluorin, and expression and
characterization of the recombinant protein are described in S
Text, Section 1. All constructs were made by using standard
methods of molecular biology and were sequenced before use in
these studies.

Antibodies and Reagents. Alexa Fluor 555-labeled transferrin and
Quantum dot 655 (QD655)-streptavidin conjugates were ob-
tained from Molecular Probes and Quantum Dot, respectively
(both currently part of Invitrogen, Carlsbad, CA). To express the
MST-HN mutant [human IgG1l-derived; (35)] as an antibody
with a site-specific biotinylation peptide at the C terminus,
codons encoding Gly-Ser-Leu-His-His-Ile-Leu-Asp-Ala-Gln-
Lys-Met-Val-Trp-Asn-His-Arg were appended to the 3’ end of
the CH3 domain by using two rounds of PCR with overlapping
oligonucleotides and an oligonucleotide close to the 5’ end of the
CH3 domain gene. The resulting product was digested with
Xmal (by using an internal Xmal site overlapping codons 14-16
of the CH3 domain gene and a 3’ primer encoded site) and used
to replace the wild-type gene in a human Fc construct (47, 48).
The final heavy-chain expression construct was assembled as
described (47) by using a vector (48) generously provided by J.
Foote (Arrowsmith Technologies, Seattle, WA). This construct
was transfected into an NSO transfectant expressing an anti-hen
egg lysozyme light-chain [(48) generously provided by J. Foote],
and transfectants were selected as described (47, 48). Recom-
binant protein was purified by using lysozyme-Sepharose. To
site-specifically biotinylate the antibody, the protein (=2 mg/ml)
was dialyzed into 20 mM Tris:HCI, 50 mM NaCl, pH 8.0, and
then incubated with BirA (18 units per mg of antibody; Avidity,
Denver, CO) for 16 h at room temperature (49). The protein was
then dialyzed into PBS, pH 7.2. Biotinylation and binding activity
of the treated MST-HN antibody were analyzed by using ELISA
and surface plasmon resonance, respectively. QD-IgG com-
plexes were made by mixing streptavidin-coated QD655 and
site-specifically biotinylated human IgGl mutant [MST-HN
(35)] at a 1:0.5 molar ratio of QD to mutated IgG1.

Cells and Transfections. The human endothelial cell line HMEC-1
was generously provided by F. Candal at the Centers for Disease
Control (Atlanta, GA). HMEC-1 cells were maintained in
MCDB 131 medium, and two combinations of expression con-
structs were used to transiently transfect these cells by using
Nucleofector technology (Amaxa Biosystems, Cologne,
Germany) (32). The first combination comprised pHluorin
(ecliptic)-FcRn (2.4-2.6 ug), and Bom (1-2 ug) expression
plasmids plus either FcRn-mRFP (3-4 ug), mRFP-FcRn (2.6
pg), or FcRn_mut-mRFP (2.4-4 ng). The second combination
comprised FcRn-GFP (1 ug), FcRn-mRFP (4 pg) and B,m (1
png) expression plasmids. Immediately after transfection, cells
were plated on coverslips in phenol red-free Ham’s F-12K
medium. Cells were imaged 15-47 h after transfection. For
imaging FcRn and IgG simultaneously in three dimensions, the
cells were incubated in medium (=pH 7.3) with QD655-human
IgG1 mutant (11 nM with respect to IgG) and Alexa Fluor
555-labeled transferrin (130 nM).

Microscopy. Images were acquired by using Axiovert microscopy
(Zeiss, Thornwood, NY) imaging stations that were modified to
image different focal planes simultaneously (17, 50) with a X100
Zeiss aPlan-Fluar 1.45N.A. objective. This was achieved here by
using up to four cameras and by placing the cameras at specific,
calibrated distances from the tube lens. For imaging FcRn only,
mRFP- or pHluorin-labeled FcRn was imaged in the membrane
plane by using TIRFM, with GFP- or mRFP-labeled FcRn
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imaged in the higher focal planes by using epifluorescence (with
one camera per focal plane). To image FcRn and IgG ligand in
two focal planes, pHluorin-labeled FcRn was imaged by using
TIRFM in the plasma membrane plane. Simultaneously, QD-
labeled IgG was imaged in the plasma membrane plane by using
both TIRFM and epifluorescence, and QD-labeled IgG plus
mRFP-labeled FcRn (and Alexa Fluor 555-Transferrin) were
imaged by using epifluorescence in the upper plane (with two
cameras per focal plane). Acquired data were processed (ad-
justed for magnification differences, images from different cam-
eras temporally and spatially aligned by using bead samples (50),
piecewise linear intensity adjusted, overlaid, and annotated)
with custom-written routines in Matlab (Mathworks, Natick,
MA) and visualized by using the Microscopy Image Analysis
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