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Abstract. To examine TGN38 trafficking from the cell
surface to the TGN, CHO cells were stably transfected
with a chimeric transmembrane protein, TacTGN38.
We used fluorescent and '*I-labeled anti-Tac IgG and
Fab fragments to follow TacTGN38’s postendocytic
trafficking. At steady-state, anti-Tac was mainly in the
TGN, but shortly after endocytosis it was predomi-
nantly in early endosomes. 11% of cellular TacTGN38
is on the plasma membrane. Kinetic analysis of traffick-
ing of antibodies bound to TacTGN38 showed that af-
ter short endocytic pulses, 80% of internalized anti-Tac
returned to the cell surface (¢, = 9 min), and the re-
mainder trafficked to the TGN. When longer filling

pulses and chases were used to load anti-Tac into the
TGN, it returned to the cell surface with a ¢;, of 46 min.
Quantitative confocal microscopy analysis also showed
that fluorescent anti-Tac fills the TGN with a 46-min
t12- Using the measured rate constants in a simple ki-
netic model, we predict that 82% of TacTGN38 is in the
TGN, and 7% is in endosomes. TacTGN38 leaves the
TGN slowly, which accounts for its steady-state distri-
bution despite the inefficient targeting from the cell
surface to the TGN.
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are endocytosed at the cell surface can have several

intracellular fates (12, 34). The major endocytic traf-
ficking pathways deliver recycling receptors back to the
plasma membrane via the early endosomal system, and
transport soluble volume markers to late endosomes and
lysosomes (12, 34). Several endocytosed integral mem-
brane proteins can have other destinations. For example,
cation-independent mannose-6-phosphate receptors (CI-
MG6PR) traffic from the cell surface to late endosomes (22),
and a significant fraction of endocytosed EGF receptors are
targeted for degradation (8, 25). It has long been recognized
that some endocytosed membrane proteins are delivered to
the TGN (7, 11, 17, 43). For many proteins this delivery may
represent missorting, but some proteins are selectively tar-
geted to the TGN after endocytosis. Furin (33) and TGN38
(1, 40, 44) are two examples of such proteins. Peptide se-
quences responsible for targeting these proteins to the TGN
have been characterized (3, 4, 15, 21, 37, 47, 49).
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At steady-state a small fraction of TGN38 is at the cell
surface, and this surface pool undergoes dynamic exchange
with intracellular TGN38, which is mainly in the TGN (1,
23, 24, 40). The distribution of TGN38 implies rapid inter-
nalization and delivery to the TGN coupled with slower
exit and return to the plasma membrane. The intracellular
itinerary followed by TGN38 is not known, but two routes
for delivery from early endosomes to the TGN seem most
plausible. One route would go from early sorting endo-
somes to late endosomes, and then to the TGN. This route
has been proposed as the itinerary followed by CI-M6PR
after endocytosis, and there is evidence that a fraction of
most endocytosed proteins follow this route (11). The sec-
ond route would go from the sorting endosomes to the endo-
cytic recycling compartment (ERC),' and from there to the
TGN. There is no direct evidence for trafficking from the
ERC to the TGN in mammalian cells, but these compart-

1. Abbreviations used in this paper: ERC, endocytic recycling compart-
ment; F-anti-Tac, fluorescein-conjugated anti-Tac antibody; F-IgG, fluo-
rescein-conjugated IgG; F-Tf, fluorescein-conjugated transferrin; F-dex,
fluorescein-conjugated dextran; M6PR, mannose-6-phosphate receptor;
Cs-NBD-ceramide, N-(e-7-nitrobenz-2-oxa-1,3-diazol-4-yl-aminocaproyl)-
p-erythro-sphingosine; R-dex, rhodamine-conjugated dextran; Tf, human
transferrin; TR, transferrin receptor.
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ments are frequently in close proximity (18, 51). Further-
more, it has recently been shown that they both have rab11
associated with their membranes (45, 46), and in some
brefeldin A—treated cells the ERC and the TGN become
fused (26, 51). A recent report suggests that in yeast, the
protease Kex2p trafficks to the TGN via early, not late en-
dosomes (13). These results suggest that there may be
direct membrane traffic between the ERC and the TGN.

To follow the pathway taken from the cell surface to
the TGN we used a chimeric transmembrane protein,
TacTGN38, which has the lumenal domain of the IL-2 re-
ceptor alpha chain (Tac) and the cytoplasmic and trans-
membrane domains of TGN38 (15). TacTGN38 has been
shown to localize to the TGN in several different cell types
(15, 39). For our studies, TacTGN38 was stably expressed
in cells of the CHO-derived line TRVb1, which lacks the
native hamster transferrin receptor but stably expresses
the human transferrin receptor (TR; 30). This expression
allowed us to use human transferrin as a marker for the
endocytic recycling pathway, and anti-Tac monoclonal an-
tibodies as a marker for the pathway to the TGN. We
found that nearly all internalized TacTGN38 trafficks
through the ERC, and most of it recycles back to the cell
surface. During each round of endocytosis ~20% of
TacTGN38 is retained in the cell, and this retained
TacTGN38 is delivered to the TGN. We did not detect sig-
nificant amounts of TacTGN38 accumulating in late endo-
somes. The exit from the TGN was slow, accounting for
the predominant steady state distribution in the TGN.

Materials and Methods

Cell Lines

TRVbl cells, a CHO cell line lacking the endogenous TR and stably ex-
pressing the human TR (30), were grown in either Ham’s F12 or McCoy’s
5A medium containing 5% FBS, penicillin-streptomycin, 220 mM sodium
bicarbonate, and 400 pg/ml G418. The cells were grown at 37°C in a hu-
midified atmosphere of 5% CO,. The TacTGN38 chimera was the kind
gift of J. Bonifacino (National Institutes of Health, Bethesda, MD), and
consists of the lumenal domain of the T cell antigen Tac and the cytoplas-
mic and transmembrane domains of TGN38 (15, 39). The TacTGN38 chi-
mera was transfected into TRVDbI1 cells with the hygromycin-resistant
plasmid pMEP using Lipofectin (GIBCO BRL, Gaithersburg, MD).
These doubly transfected cells were selected in 400 pwg/ml G418 and 420
U/ml hygromycin. To isolate clonal lines stably expressing TacTGN38,
these cells were first incubated with Cy3 labeled anti-Tac IgG at 37°C for
60-120 min to allow significant uptake and labeling of the TacTGN38 in
the TGN, and then FACS was used to isolate single cells. Unless otherwise
indicated, all data were derived from a single clone.

Antibodies

Monoclonal anti-Tac antibodies (isoform IgG1) were obtained from the
mouse hybridoma cell line 2A3A1H (American Type Culture Collection,
Rockville, MD). These cells were grown in protein-free hybridoma media
(GIBCO BRL), and the anti-Tac IgG was isolated using a Sephacryl S-300
gel filtration column and FPLC. Fab fragments were generated using pa-
pain in a Fab preparation kit (Pierce Chemical Co., Rockford, IL), and
were further purified by a Protein A column and FPLC. Rabbit polyclonal
antibodies against the cytoplasmic domain of TGN38 (27) were a gift of
Dr. Keith Stanley (Heart Research Institute, Sydney, Australia). Rabbit
polyclonal antibodies against the lumenal domain of furin (32) were a gift
of Dr. Yukio Ikehara (Fukuoka University School of Medicine, Japan).

Ligands

Human transferrin (Tf) was purchased from Sigma Chemical Co. (St.
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Louis, MO), purified by Sephacryl S-300 gel filtration, and iron-loaded as
previously described (51). Cy3 and Alexa488 were conjugated to Tf, anti-
Tac IgG, or anti-Tac Fab according to the manufacturer’s instructions (Bi-
ological Detection Systems, Pittsburgh, PA, or Molecular Probes Inc., Eu-
gene, OR, respectively). IgG was labeled with 2T according to our earlier
protocol (51). Fluorescein labeling of Tf or IgG was done as previously
described (51). N-(e-7-nitrobenz-2-oxa-1,3-diazol-4-yl-aminocaproyl)-
p-erythro-sphingosine (Cg-NBD-ceramide), 70 kD fluorescein or rho-
damine-labeled, fixable dextran, and antifluorescein antibodies were
purchased from Molecular Probes, Inc. (Eugene, OR). Fluorescent anti-
mouse or anti-rabbit IgG antibodies were purchased from either Pierce
Chemical Co. or Cappel Laboratories (Malvern, PA).

Accumulation of [**I]Anti-Tac Antibody in Cells

Duplicate 35-mm wells of confluent TRVb1/TacTGN38 cells were incu-
bated for different times at 37°C in the continuous presence of 10° cpm per
well of ['*I]anti-Tac antibody in McCoy’s 5A medium with 1% (wt/vol)
BSA (final IgG concentration of 10 pg/ml). At the end of the incubation,
cells were washed extensively with ice-cold Medium 1 (150 mM NacCl, 20
mM Hepes, 1 mM CaCl,, 5 mM KCI, 1 mM MgCl,, pH 7.4) with 1% (wt/
vol) BSA, and were solubilized in 0.1% (wt/vol) SDS in 0.1 M NaOH. Sol-
ubilized radioactivity was determined using a gamma counter. Nonspecific
counts were determined by incubation of cell-free wells with ['?I]anti-Tac
antibody, and were subtracted from the counts extracted from cells.

To determine the proportion of TacTGN38 on the plasma membrane,
cells were washed with ice-cold McCoy’s 5A medium with 1% (wt/vol)
BSA and allowed to cool on ice for 30 min. Cells then were incubated
with [®I]anti-Tac IgG at 0°C for 30 min, and were washed with Medium
1/BSA and solubilized as described above. Absence of antibody internal-
ization at 0°C was confirmed by microscopy using a fluorescently labeled
anti-Tac antibody.

Internalization Rate Constant Determination

The TacTGN38 internalization rate constant (k;) was derived from plots
of the internal/surface ratio at different times, as described previously (31,
48). Cells were cultured to confluence in 24-well plates. Triplicate wells of
TacTGN38-transfected cells were incubated with 0.5 ml '*I-labeled anti-
Tac IgG (4 pg/ml, 107 cpm/well) from 1 to 5 min at 37°C. To determine
nonspecific binding, single wells of TRVbl cells not transfected with
TacTGN38 were incubated with IgG over the same time course. After in-
cubations, cells were placed into a 4°C ice bath and washed rapidly with
prechilled 4X 1 ml Medium 1 + 1% (wt/vol) BSA, and then with 1 ml Me-
dium 1. Surface-bound IgG was eluted with 2X 1-ml washes of 0.1 M ace-
tic acid, 0.5 M NaCl; 10 min each wash at 0°C. This procedure eluted
~98% of all surface-bound counts, as determined from control samples
that were incubated with IgG at 4°C to prevent internalization. After the
elutions, cells were washed with 1 ml Medium 1 and solubilized by 2X 1 ml
incubations with 0.1 M NaOH, 0.1% (wt/vol) SDS at 37°C, 15 min each in-
cubation. Surface and internal counts were obtained using a gamma
counter. The counts were corrected for nonspecific binding and the effi-
ciency of the low pH elution, and then the internal-to-surface ratio was cal-
culated for each sample. The ratios were plotted as a function of time, and
the slope of the line (k;) was calculated by linear regression (see Fig. 2 b).

Fluorescence Staining Methods

For fluorescence microscopy, TRVb1/TacTGN38 cells were grown to sub-
confluence on poly-p-lysine—treated coverslips affixed to holes cut in the
bottoms of tissue culture dishes. Unless otherwise stated, cells were incu-
bated with fluorescent probes, washed, and subjected to chases in Mc-
Coy’s SA medium (GIBCO BRL) supplemented with 2.2 g/liter NaHCO;,
20 mM Hepes, and 0.2% (wt/vol) BSA (Sigma Chemical Co.) at 37°C. For
brief incubations and washes, cells were placed on a 37°C slide warmer.
For longer intervals, cells were placed in a 37°C incubator under an atmo-
sphere of 5% CO,. Immediately before fixation, cells were washed rapidly
with Medium 1 at room temperature. Cells were fixed with 4% paraform-
aldehyde in Medium 1 for 10 min at room temperature. After fixation,
cells were rinsed with Medium 1 with the addition of 10 mM methylamine
to disperse intracellular pH gradients. To stain the TGN with C4-NBD-
ceramide, the cells were first fixed and then incubated with 5 mM Cg-
NBD-ceramide in Medium 1 for 30 min at room temperature. The cells
were then washed four times (15 min for each wash) in Medium 1 contain-
ing 25 mg/ml fatty-acid free BSA.
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Microscopy

Fluorescence microscopy was done either on a DMIRB inverted micro-
scope (Leica Inc., Deerfield, IL) using a 63X 1.32 NA plan Apochromat
objective, or an MRC600 laser scanning confocal unit attached to an Ax-
iovert microscope (Carl Zeiss Inc., Thornwood, NY) with a 63X 1.4 NA
plan Apochromat objective (Leica Inc.). The excitation on the Leica mi-
croscope was by a Hg arc 100W lamp (Leica Inc.) with standard fluores-
cein and rhodamine optics. Images were taken with one of two different
cooled CCD cameras from Princeton Instruments (Trenton, NJ): either a
TEA CCD K1317 camera with a KAF-1400 Kodak 1317 X 1075 chip, or a
Pentamax 512EFTB frame transfer camera with a 512 X 512 back-thinned
EEV chip. The laser on the confocal microscope was a 25 mW Argon ion
laser emitting at 488 nm and 514 nm. The confocal microscope was cali-
brated as described before (9, 10).

CsNBD-Ceramide Imaging

NBD has a broad emission spectrum that leaks through the filters used to
select Cy3’s emission on the confocal microscope; conversely, the Cy3
emission does not leak into the detector meant for green (NBD) fluores-
cence. To ensure no emission fluorescence was imaged by the wrong de-
tector, the following confocal microscopy protocol was used to image cells
that were doubly labeled with C¢-NBD-ceramide and Cy3-IgG or Cy3-Tf.
First, a single focal plane image of the C{NBD-ceramide was obtained by
exciting the sample at 488 nm and imaging with the filters and detector
used for green fluorescence. Then, the NBD was further illuminated at
488 nm to photobleach it. NBD is extremely photolabile and pho-
tobleaches rapidly, whereas Cy3 is much more resistant to photobleach-
ing. The amount of light used to photobleach NBD does not significantly
affect Cy3’s fluorescence. An image was then taken of the Cy3 distribu-
tion by exciting the sample at 514 nm and imaging with the filters and de-
tector used for red fluorescence. This Cy3 image now contains no contam-
inating NBD fluorescence.

Image Processing and Quantification

Image processing was done using the MetaMorph image processing pack-
age (Universal Imaging Corp., West Chester, PA) on a Pentium PC. To
analyze the amount of Cy3 fluorescence per labeled TGN (see Figs. 9 and
10), first a local median background intensity obtained from a 32 X 32
pixel area (0.15 pwm/pixel) was subtracted from every pixel of the Cy3 and
NBD images, as previously described (6). A mask to identify the TGN was
then obtained by retaining those pixels whose intensities in the NBD im-
age were above a specific threshold value. The threshold value was the
mean plus 3 standard deviations of all the positive pixels intensities in the
NBD image. To complete the mask, these retained pixels were all given
the same constant intensity, and the rest of the image was made black.
This mask delineates the areas of bright NBD labeling from the dimmer,
background, and cellular haze (see Fig. 9, ¢ and e). The selected region
was robust to the intensity threshold value chosen, as a lower threshold of
the mean intensity plus two standard deviations gave similar results. This
mask was applied to the Cy3 image (see Fig. 9 d), and the intensities in
only those Cy3 pixels that were in the area delineated by the mask (see
Fig. 9 f) were summed. This summed intensity was normalized by the
number of pixels in the mask, giving the Cy3 intensity per TGN element
(pixel).

In the experiments where the entire 3-D fluorophore distributions were
imaged by confocal microscopy, the samples were brightly labeled, allow-
ing the excitation light to be reduced; hence, the samples were not pho-
tobleached. In addition, cross-talk of the fluorophores into the wrong de-
tectors was also negligible. To quantify these images, first each slice had
its local (30 X 32 pixel area) median background subtracted. Then, the
out-of-focus background in each Cy3 slice was corrected by a nearest-
neighbor deblurring procedure where the scaled average of the intensities
in the two adjacent slices was subtracted from the current slice. This pro-
cedure sharply emphasized the TGN staining in the current slice, and de-
emphasized out-of-focus haze from staining in the other slices. This Cy3
image was then thresholded (mean + 3 SD), and the resulting mask delin-
eating the area covered by the TGN was applied to the corresponding flu-
orescein green image. The thresholded intensities of the green pixels that
were selected by the mask were summed for each slice (the green thresh-
old was mean + 1 SD; this selects the cell-associated fluorescein fluores-
cence, but rejects any noncell background). The intensities from the se-
lected green pixels were summed over all slices in the 3-D stack, and were
then normalized by the total number of pixels in all the TGN masks from
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every slice in the stack. This summation gave the fluorescein fluorescence
per TGN volume element in Fig. 10 (circles).

To quantify the fluorescence from images in the fluorescein quenching
experiments (see Figs. 6, 7, and 11), the background fluorescence was first
subtracted from each image. This background was determined as the
mean intensity from a cell-free region. The remaining cell-associated fluo-
rescence was summed and divided by the number of cells in the field to
derive the fluorescence power per cell. Ten fields of cells were imaged for
each experimental condition or time point, typically with about twenty
cells per field.

Fluorescence Quenching with HRP-Tf

HRP-Tf was made by first attaching the N-hydoxysuccinimide-ester-male-
imide cross-linker sulfo-MBS (m-Maleimidobenzoyl-N-hydroxysuccini-
mide ester; Pierce Chemical Co.) to HRP (Sigma Chemical Co.), resulting
in a maleimide group attached to the e-amine of lysine by an amide bond.
Specifically, 0.5 ml of 8.3 mg/ml of sulfo-MBS in PBS was added to 0.5 ml
of 40 mg/ml HRP in PBS, incubated for 1 h at room temperature under ar-
gon gas, and then passed over a Sephadex G-25M PD-10 gel filtration col-
umn (Pharmacia Biotech Sverige, Uppsala, Sweden). A sulfhydryl residue
was attached to the e-amine of Tf’s lysines by reacting diferric Tf (0.4 ml;
46 mg/ml) with the cyclic thioimidate 2-iminithiolane (IT; Traut’s reagent;
0.1 ml of 32 mg/ml in PBS; Pierce Chemical Co.) by incubating them to-
gether for 40 min at room temperature under argon gas, and then passing
them over a PD-10 column. The maleimide group on the HRP is reactive
to the sulfhydryl group attached to Tf. The HRP-MBS and the Tf-IT were
incubated together at room temperature for 4 h under argon. The reaction
was quenched with 30 mg/ml pH 7.8 Tris buffer. The reaction mixture was
concentrated and passed over a S-300 Sephacryl gel filtration column, and
the fractions were assayed for protein concentration and purity.

In the HRP-TT fluorescence quenching experiments, incubations and
chases were done in McCoy’s SA medium supplemented with 2.2 g/liter
NaHCOs;, 20 mM Hepes, and 0.2% (wt/vol) BSA (Sigma Chemical Co.) at
37°C. Cells were incubated with either 1 pg/ml Cy3 anti-Tac IgG for 10
min or with 5 pg/ml Cy3-Tf for 30 min, chased for 10 min with 50 pg/ml
HRP-TI, fixed with 4% paraformaldehyde and 80 mM methylamine in
Medium 1 for 10 min at room temperature, and then treated with 0.0025%
hydrogen peroxide and 25 pg/ml DAB before viewing on the microscope.
In certain cases, 5 mg/ml of unlabeled Tf was included with the HRP-Tf in
the chase media.

Detection of TacTGN38 in Late Endosomes

To label late endosomes, fixable 70-kD dextran conjugated to either
rhodamine (R-dex) or fluorescein (F-dex; Molecular Probes, Inc.) was re-
constituted to 50 mg/ml and dialyzed extensively against McCoy’s SA me-
dium to remove free dye. TacTGN38 cells were incubated with 20 mg/ml
F-dex, and with either 2 pg/ml Cy3-labeled anti-Tac IgG or 20 mg/ml
R-dex in McCoy’s medium with 0.1% (wt/vol) BSA for 10 min at 37°C.
After incubations, cells were washed with McCoy’s medium + 0.1% (wt/
vol) BSA and chased for 20 min, and then fixed with paraformaldehyde.
The cells were imaged by confocal microscopy. Individual confocal slices
were corrected for background fluorescence and cross-talk before the
F-dex and Cy3-IgG or R-dex colocalization was evaluated.

Results

Endocytosed Fluorescent Anti-Tac Antibodies Traffic to
the TGN

TRVDbl cells were transfected with TacTGN38, and clonal
cell lines were selected by FACS sorting using Cy3-labeled
monoclonal anti-Tac IgG. We first examined the distribu-
tion of internalized Cy3-labeled anti-Tac IgG and mono-
valent Fab. Fig. 1 shows confocal microscopy images of
Cy3-Fab (Fig. 1 b) and Cy3-IgG (Fig. 1 d) after a 5-10 min
incubation with the antibodies and a 30-40-min chase. The
cells were also stained with C¢-NBD-ceramide which la-
bels the TGN (36), and single optical sections were ob-
tained in regions that showed significant NBD fluores-
cence (Fig. 1, a and b). Both the IgG and the Fab showed
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Figure 1. Endocytosed fluorescent anti-Tac antibodies traffic to
the TGN. Cells were labeled with Cy3 conjugated anti-Tac Fab
for 10 min at 37°C and then chased for 40 min. The cells were

fixed and labeled with C-NBD-ceramide to identify the TGN.
(a) A single confocal microscope section showing the C(NBD-
ceramide staining; (b) Cy3-Fab labeling. These images show that
the endocytosed Fab reaches the TGN (arrows). (c and d) Images
taken by wide-field microscopy of Cg-NBD-ceramide (c¢) and
Cy3-IgG (d) show that endocytosed Cy3-IgG can also reach the
TGN (arrows). (e and f) Cells were incubated with F-Tf at 37°C
for 30 min to label the ERC (green), and then they were fixed,
permeabilized, and labeled with Cy3-IgG to identify the TGN
(red). A 3-D stack of images through the cell was obtained by
confocal microscopy. (f) An x-y maximum projection of this
stack, and (e) a y-z maximum projection of the same cells, which
is similar to viewing the cells from the right-hand side. The arrow
indicates that although a part of the TGN may appear colocalized
with the ERC in an x-y projection (f), the y-z projection shows
that it is in a different vertical position (e). In these cells the TGN
is to the side and above the ERC. Bar, 10 pm.

extensive colocalization with the Cc-NBD-ceramide, dem-
onstrating that the endocytosed Cy3 labeled anti-Tac Fab
and IgG reached the TGN. After an extensive chase, inter-
nalized anti-Tac also codistributed with furin, an endopro-
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tease that is localized to the TGN (see Fig. 4, c and d). En-
docytosed TacTGN38 trafficked to the TGN in all the
clonal lines we examined.

We also compared the distribution of endocytosed anti-
Tac IgG with indirect immunofluorescence against TGN38
using an antibody against the cytoplasmic domain of
TGN38 that recognizes both the endogenous TGN38 and
the expressed TacTGN38. All elements that were labeled
with anti-TGN38 also contained endocytosed anti-Tac
(data not shown). Therefore, endocytosed anti-Tac does
not label a subset of TacTGN38 that is distinct from the
total pool of expressed protein. When cells were incubated
with anti-Tac IgG and Fab together for 10 min and chased
for an hour, the probes colocalized in a perinuclear struc-
ture resembling the TGN. We did not detect any differ-
ence in the distribution of internalized Fab as compared
with the intact IgG (not shown). In TRVDb1 cells that had
not been transfected with TacTGN38, we did not detect
observable binding or internalization of Cy3 anti-Tac Fab,
demonstrating that antibody uptake required binding to
TacTGN38 (not shown). Preparation of Fab fragments
from mouse IgG1 results in low yields, so we elected to use
intact anti-Tac IgG for most of the subsequent studies.

Endocytosed recycling receptors traffic through the
early endosomal system which, in CHO cells, consists of
punctate sorting endosomes and the tubulovesicular, jux-
tanuclear ERC (6, 12, 51). Although both the ERC and
the TGN have a perinuclear location, we have previously
shown that they are separate compartments (18). We dem-
onstrate this further in Fig. 1, e and f, where cells were first
incubated with fluorescein-conjugated transferrin (F-Tf)
at 37°C for 30 min to label the ERC (green), and then were
fixed, permeabilized, and labeled with Cy3-IgG to identify
the TGN (red). The 3D distribution of these probes was
obtained by confocal microscopy by acquiring a stack of
images taken at successive focal planes through the cell.
Fig. 1 f shows an x-y projection of this stack, where the
maximum pixel intensity at each x-y position in the stack is
shown. Fig. 1 e shows a y-z maximum projection of the
same cells. Fig. 1 fshows that the TGN is next to the ERC
and may encircle it, and Fig. 1 e shows that the TGN is at a
different vertical position in the cell. Even though parts of
the TGN may look as if they occupy the same area as the
ERC when viewed in an x-y projection (arrow in Fig. 1 f),
the y-z projection reveals that this is not so (arrow in Fig. 1
e). Thus, although both the TGN and the ERC are next to
the nucleus, these figures demonstrate that the TGN and
the ERC are in different intracellular locations which can
be resolved by confocal microscopy.

Kinetics of TacTGN38 Appearance on the Cell Surface

The above analysis shows that TacTGN38 is correctly tar-
geted to the TGN in transfected CHO cells. We used this
system to analyze the kinetics of trafficking from the sur-
face to the TGN and back to the surface. To determine
how long it takes TacTGN38 to cycle from inside the cell
to the plasma membrane, cells were incubated with Cy3
anti-Tac Fab for different times. The entire 3-D stack of
the cell was imaged by confocal microscopy, and the Cy3
fluorescence power per cell was measured. A correspond-
ing differential interference contrast microscopy (DIC)
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Figure 2. Time course for TacTGN38 delivery to the cell surface
and internalization from the cell surface. (4) Cells were incu-
bated either with ['*I]anti-Tac IgG (O) or Cy3 anti-Tac Fab (@)
for the times shown. The cells were fixed, and the amount of en-
docytosed anti-Tac antibody in the cell was assessed either by ra-
dioactivity counting or quantifying the fluorescence intensity in 3-D
stacks of images taken of the whole cell by confocal microscopy.
Background values were subtracted (0-min value), and the data
were normalized so that the fluorescence and I curves could be
superimposed. It takes over 1 h for endocytosed anti-Tac to reach
steady state, and fluorescence quantification gives the same ki-
netic data as '’I measurements. (B) Cells were incubated with
[*T)anti-Tac IgG for brief periods of time, and the surface-
bound and internalized counts were determined. The ratio of in-
ternalized-to-surface counts is plotted, and it increases linearly
over time with a slope of 0.154 min~'. Error bars represent SEM.

image was taken in order to count the number of cells. For
each 3-D stack of images, the background was subtracted
from each individual slice, and the integrated intensity in
all the slices was summed. In such an accumulation experi-
ment, the rate constant controlling the approach to steady-
state is the rate for the probe to go from inside the cell to
the plasma membrane. We have previously discussed this
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fact in detail for the case of approach to steady-state of in-
ternalized Tf in the whole cell (9). Fig. 2 a (closed circles)
shows the accumulation of anti-Tac Fab in cells over time.
The increase at early times is due to Cy3-Fab binding to
unoccupied TacTGN38 molecules as they appear on the
cell surface, and the flattening of the curve at later times
shows that the amount of Cy3-Fab per cell comes to a
steady state.

The appearance of TacTGN38 on the cell surface was
also measured using ['®I]anti-Tac IgG. Cells were incu-
bated with ['*I]anti-Tac IgG for increasing lengths of time
at 37°C, and the cell-associated radioactivity was mea-
sured. As shown in Fig. 2 a (open circles), the rate of accu-
mulation of ['*I]anti-Tac IgG was similar to the accumula-
tion of the Cy3 anti-Tac Fab. These studies confirm that
fluorescence measurements can be used to obtain kinetic
data on the accumulation of anti-Tac in cells. The data
show that the entire cycling pool of TacTGN38 becomes
labeled within about 2 h. We could not determine from
these experiments whether the appearance of TacTGN38
on the cell surface represented a single first order process
or multiple processes. As indicated in later sections, there
is evidence for multiple processes, so we do not report ki-
netic parameters for the overall appearance on the sur-
face.

The size of the total pool of cycling TacTGN38 is deter-
mined from the asymptote of the accumulation curve, and
we estimate that there are 1.5 X 10° copies of TacTGN38
per cell. When cells were incubated with ['?I]anti-Tac IgG
at 0°C, we found ~160,000 TacTGN38 molecules per cell
on the plasma membrane (see Table II). The number of
TacTGN38 molecules on the cell surface is comparable to
the levels of Tf receptor at the plasma membrane of
TRVDI cells (30). We also isolated cells expressing 10-fold
less TacTGN38 than the cells used in this study, and found
similar intracellular distributions as in the cells used in this
study.

Internalization of TacTGN38 into Early Endosomes

To measure the rate of internalization from the cell sur-
face, ["*’I]anti-Tac IgG was applied to cells for a brief pe-
riod, after which the surface-bound and internalized
counts were determined by acid stripping for each time
point as described in Materials and Methods. The ratio of
internalized-to-surface counts increased linearly over time
with a slope (k;) of 0.15 min~!, as shown in Fig. 2 b. This
internalization rate constant is similar to that of Tf recep-
tors in TRVb1 cells (31), indicating that TacTGN38 is rap-
idly cleared from the cell surface. This is consistent with
previous studies which have shown that the YQRL se-
quence in the cytoplasmic domain of TGN38 is an efficient
coated pit internalization motif (3, 15, 49).

To follow TacTGN38’s initial internalization steps, we
compared its trafficking with Tf, which trafficks through
sorting endosomes and the ERC before returning to the
plasma membrane. Cells were coincubated with 1 pg/ml
Alexa488 anti-Tac IgG and 3 pg/ml Cy3-Tf for 10 min.
The cells were fixed, and 3-D images through the entire
thickness of the cells were obtained by confocal micros-
copy. Tf (Fig. 3 a) and anti-Tac IgG (Fig. 3 b) are colocal-
ized in small punctate structures that are presumably sort-
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Figure 3. TacTGN38 overlaps with Tf in the endocytic recycling
compartment. Cells were coincubated for 10 min with Cy3-Tf (a)
and Alexa488-anti-Tac IgG (b). Images were obtained by confo-
cal microscopy, and maximum X-y projections are shown in @ and
b. The long slender arrows show colocalization in punctate endo-
somes, and the short thick arrows show colocalization in the peri-
nuclear ERC. An x-z maximum projection of the same cells is
shown in c¢. Cy3-Tf is in red, Alexa488-IgG is in green, and their
colocalization in the ERC is seen ranging from orange to yellow
(thick arrows). Bar, 10 pm.

ing endosomes (thin arrows) as well as in the juxtanuclear
ERC (thick arrows). To ensure that the large structures
(thick arrows) in Fig. 3, a and b were not at different eleva-
tions in the cell and were truly colocalized, we also viewed
the cells as a maximum vertical (x-z) projection (Fig. 3 ¢).
The Cy3-Tf (red) and the Alexa488 anti-Tac IgG (green)
are colocalized in the vertical dimension, as seen by the or-
ange-yellow staining (thick arrows).

When cells internalized Alexa488 anti-Tac IgG for 10
min and were then fixed, the anti-Tac IgG is in a structure
resembling the ERC (Fig. 4 a) surrounded by the TGN
(Fig. 4 b; arrows). The rapid appearance of internalized
TacTGN38 in the ERC is similar to the rate at which Tf
begins to appear in this compartment (6, 9, 29). After short
incubations, endocytosed TacTGN38 colocalized with Tf
in all the clonal lines we examined. In addition, anti-Tac
IgG and Fab that were cointernalized for 10 min colocal-
ized into small punctate endosomes and a juxtanuclear
compartment resembling the ERC (not shown). This colo-
calization demonstrates that the appearance of anti-Tac
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Figure 4. Internalized anti-Tac colocalizes with furin after a 60-
min chase. Cells were incubated with 4 mg/ml anti-Tac mono-
clonal antibodies conjugated to Alexa 488 fluorescent dye (a and
¢) for 10 min. Cells were fixed immediately (a and b) or chased in
medium for 60 min (c and d). After fixation, cells were permeabi-
lized and stained with polyclonal antibodies against furin (b and
d) followed by rhodamine-conjugated goat anti-rabbit secondary
antibodies. In the absence of a chase, anti-Tac was detected in a
distribution that resembles the endocytic recycling compartment,
and is surrounded by the TGN (arrows) as labeled by anti-furin
antibodies. With a 60-min chase, anti-Tac predominantly colocal-
ized with furin (arrows). Bar, 5 pm.

IgG in the ERC is not a consequence of using bivalent an-
tibody. A different endocytosed monoclonal anti-Tac anti-
body, prepared from the 7G7b6 hybridoma cell line, was
also delivered to the ERC after short incubations, and to
the TGN after a prolonged chase (data not shown), dem-
onstrating that the trafficking to the ERC is not due to the
particular anti-Tac antibody being used.

TacTGN38 Fluorescence in the ERC Can Be Ablated
by HRP-Tf

Since the TGN is in close proximity to the ERC, it is im-
portant to verify that endocytosed anti-Tac IgG colocal-
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izes with Tf in the ERC after short incubation times. We
used an HRP fluorescence ablation technique (29a) that ex-
tinguishes the fluorescence from any fluorescent probe
that is in the same compartment as HRP. We coincubated
cells with fluorescent IgG and HRP-Tf, and then treated
the cells with hydrogen peroxide and DAB. HRP-Tf binds
to the TR and trafficks to the ERC. The HRP-catalyzed
DAB reaction product will ablate the fluorescence from
fluorophores in the same compartment as the HRP-Tf
(29a). We first did a positive control to check that the fluo-
rescence in the ERC was being quenched. We incubated
cells with 1 pg/ml Cy3-Tf for 10 min, chased for 10 min
with 50 wg/ml HRP-Tf, and fixed and treated the cells
with hydrogen peroxide and DAB. The DAB reaction
quenched most of the Cy3-Tf in the ERC (Fig. 5 b). To en-
sure the DAB reaction was not nonspecifically quenching
cell fluorescence, we carried out the same protocol but
also included excess unlabeled Tf (5 mg/ml) in the chase
media along with the HRP-Tf. The excess unlabeled Tf
prevents significant HRP-Tf binding to the TR and uptake
into cells, and thus the cells are still fluorescent after the
DAB reaction (Fig. 5 a). These controls demonstrate that
we can quench Cy3 fluorescence in the same compartment
as HRP-Tf, and that this quenching is specific. We next in-
cubated cells with 1 pg/ml Cy3 anti-Tac IgG for 10 min,
and then chased for 10 min with 50 pg/ml HRP-Tf with or
without excess unlabeled Tf. In cells that had internalized
Cy3-IgG and were chased with excess unlabeled Tf, the
Cy3-IgG was in a large perinuclear area consistent with la-
beling of both the ERC and the TGN (Fig. 5 ¢). When
there was no unlabeled Tf present in the chase, the HRP-
Tf reached the ERC; the DAB reaction quenched the cen-
ter of the perinuclear staining (arrows), but a ring of Cy3-
IgG staining remained (Fig. 5 d). The fluorescence loss in
the center of the structure shows that after 20 min, some of
the Cy3-IgG was in the ERC. The fluorescence that re-
mained unquenched was in a ring pattern characteristic of
the TGN. In cells that had been incubated with Cy3 anti-
Tac IgG for 50 min and then with HRP-Tf for an addi-
tional 10 min (total time is 60 min), and then treated with
DAB and hydrogen peroxide, a similar pattern as seen in
Fig. 5 d was obtained, except that the remaining ring stain
was much brighter (data not shown). This result is consis-
tent with increased accumulation of Cy3-IgG in the TGN
where it would not be quenched by the HRP reaction.

Approximately 80% of Tac-TGN Is Delivered from
the ERC to the Plasma Membrane with a Half-time
of 9 Min

Since internalized TacTGN38 enters the ERC, we exam-
ined whether a fraction of it is returned to the cell surface.
After long incubations, internalized anti-Tac antibodies
are mainly in the TGN (Fig. 1), but after brief incubations
most of the anti-Tac is still in early endosomes (i.e., sorting
endosomes and ERC; Fig. 3). To measure TacTGN38’s re-
cycling rate to the plasma membrane after endocytosis,
TRVD1 cells were incubated with fluorescein-labeled anti-
Tac IgG for 5 min, followed by incubation in the presence
of antifluorescein antibodies from 5 to 40 min. We verified
that the antifluorescein antibodies quench fluorescein-
conjugated anti-Tac antibody (F-anti-Tac) fluorescence by
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Figure 5. TacTGN38 overlaps with Tf in the ERC, as shown by
HRP ablation. Cells were incubated with 5 pg/ml Cy3-Tf for 30
min, and were then chased for 10 min with 50 pg/ml HRP-Tf with
(a) or without (b) excess (5 mg/ml) unlabeled Tf. The cells were
then treated with hydrogen peroxide and DAB. The reaction
products of the DAB reaction quenched fluorescence from mole-
cules contained in the same compartment as the HRP-Tf (b), and
the unlabeled Tf competed with HRP-Tf for binding to the TR
and prevented quenching of the Cy3-Tf fluorescence (a). The cell
boundaries, determined by DIC microscopy, are shown in b.
Cells were also incubated with 1 pg/ml Cy3 anti-Tac IgG for 10
min, and were then chased for 10 min with 50 pg/ml HRP-Tf with
(c) or without (d) 5 mg/ml unlabeled Tf. The DAB reaction with
the HRP-Tf in the ERC quenched the Cy3-IgG fluorescence in
this compartment (d), leaving a dark area (arrows) surrounded
by the ring staining of the Cy3-IgG characteristic of the TGN.
The fluorescence images show a summation projection of slices in
a 3-D stack obtained by confocal microscopy. Bar, 10 pm.

~90% upon binding as reported previously for other fluo-
rescein labeled proteins (41, 42). At the concentration
used in our studies, essentially no antifluorescein antibody
reached either the ERC or the TGN in the absence of
F-anti-Tac, as observed by labeling with secondary anti-
bodies (data not shown; see references 41 and 42). In con-
trast, antifluorescein was readily detected in cells that had
been loaded previously with F-anti-Tac. Since fluores-
cence quenching requires a stoichiometric interaction of
antifluorescein with F-anti-Tac, a decrease in fluorescence
is due mainly to the fluorescein-conjugated IgG (F-IgG)
that reaches the plasma membrane being quenched by the
antifluorescein antibodies in the extracellular media.
Initially, the anti-Tac IgG is in structures that resemble
the ERC (see Fig. 3). The cells showed a loss of fluores-
cence over time, and the residual intracellular fluores-
cence after a 40-min chase was in a crescent-shaped struc-
ture characteristic of the TGN (not shown). The loss of
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Figure 6. TacTGN38 trafficks from the recycling compartment to
the plasma membrane with a half-time of 9.5 min. Cells were
pulsed for 5 min with 1 pg/ml F-anti-Tac IgG followed by chases
with medium containing 10 pg/ml anti-fluorescein antibodies.
The recycled TacTGN38 was quenched as it returned to the cell
surface. Fluorescence images were obtained by wide-field micros-
copy and fluorescence power per cell was measured. The fluores-
cence power was fit to a monoexponential decay that gave a half-
time of TacTGN38 recycling to the plasma membrane of 9.5 min.
Error bars represent SEM.

fluorescence was quantified by determining the cell-asso-
ciated fluorescence power per cell as described in Materi-
als and Methods. Chase times were kept relatively brief to
analyze only the fluorescent probe that was transported
directly from the early endosomes to the plasma mem-
brane. Fig. 6 shows the time course of the loss of fluores-
cence. If we assume that only a fraction of the internalized
anti-Tac will recycle rapidly, then the loss of fluorescence
corresponding to that fraction could be well fit by a single
exponential decay with a nonzero asymptote, giving a half-
time of 9.5 min as shown by the solid line in Fig. 6. This
rate of return of anti-Tac to the cell surface is similar to
the rate of return of Tf receptors from the ERC to the cell
surface (29, 31, 38).

These observations imply that a fraction of TacTGN38
is diverted to the TGN with each cycle of endocytosis and
recycling. To measure the recycling from a single round of
endocytosis directly, anti-Tac IgG was bound to cells at
0°C, and the cells were then warmed to 37°C for 5 min to
allow internalization of the antibody. Cells then were in-
cubated further for 5, 10, 15, and 20 min in the presence
of antifluorescein antibody, followed by fixation. This
time course should allow most of the recycling pool of
TacTGN38 to be externalized from the recycling endo-
some, without a significant amount being delivered to the
TGN and then being externalized from there. Fluores-
cence intensities per cell were determined, and data from a
representative experiment are shown in Fig. 7. It can be
seen that most of the internalized F-anti-Tac becomes ex-
posed to the extracellular antifluorescein antibody with a
half-time of ~10 min, but there is a residual fluorescence
that remains unquenched. This residual fluorescence is sig-
nificantly above the fluorescence, Fg, that would be found
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Figure 7. 18% of TacTGN38 is delivered to TGN with each
round of endocytosis. Cells were labeled with 1 pwg/ml F-anti-Tac
IgG on ice, and were then warmed for 5 min, washed, and chased
with 10 pg/ml anti-fluorescein antibodies. Fluorescence images
were obtained by wide-field microscopy, quantified, and fit to a
monoexponential decay. Data from a representative experiment
are shown. The asymptote gave the residual fluorescence F.., and
a cell that was fixed and imaged without warming gave the initial
cell-associated fluorescence, Fi*. Fy is the residual fluorescence
after quenching surface bound anti-Tac. Error bars represent SEM.

if all the cell-associated F-anti-Tac were exposed to anti-
fluorescein antibody.

We modeled the recycling (i.e., exposure to the extracel-
lular antifluorescein antibody) as a first-order rate process
with a fraction of nonrecycling F-anti-Tac. In four inde-
pendent experiments, the nonrecycling pool was found to
be 18.1 = 3.4% of the F-anti-Tac that was internalized in
the initial pulse (Table I). We presume that this 18% of in-
ternalized anti-Tac represents the fraction that is delivered
to the TGN on each round of endocytosis. The half-times
for recycling derived from these experiments varied from
8.8 to 11.9 min, which is consistent with the recycling rate
reported in Fig. 6.

TacTGN38 Does Not Accumulate in Late Endosomes
before Entry into the TGN

To determine whether TacTGN38 accumulates in late en-
dosomes en route to the TGN, we incubated cells with flu-
orescein-dextran (F-dex) and with either Cy3-anti-Tac
IgG or rhodamine-dextran (R-dex) for 10 min, chased for
20 min, then obtained single optical sections by confocal
microscopy at a focal position that showed intense labeling
of the F-dex. Both dextrans and anti-Tac IgG are initially
in sorting endosomes (Fig. 3). Since the half-time for a
sorting endosome to mature into a late endosome is 6-8
min (5, 41, 42), after a 20-min chase ~80-90% of the dex-
tran-labeled endosomes would have matured into late en-
dosomes.

If the late endosome is a major pathway for delivery of
internalized TacTGN38 to the TGN, there should be sig-
nificant colocalization between fluorescein dextran and
Cy3-IgG after 20 min. Fig. 8 shows single confocal slices at
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a focal plane that contains several late endosomes. Rela-
tively little colocalization is seen at this time (Fig. 8 a), and
structures labeled with only one probe were readily de-
tected (red and green labeling in Fig. 8 a). Some fluores-
cein—dextran-containing spots also contained Cy3-IgG,
but we are unable to determine if these are late endo-
somes or sorting endosomes that have not as yet matured.
As a positive control we cointernalized R-dex and F-dex
for 10 min, followed by a 20-min chase. We see good colo-
calization of R-dex and F-dex because the majority of
spots range from orange to yellow in Fig. 8 b. Although
R-dex and F-dex traffic similarly and are colocalized in the
same compartments, the amount of both dextrans in an in-
dividual endosome may not be equal. These data suggest
that late endosomes are not major intermediates in the de-
livery of TacTGN38 from the recycling pathway to the
TGN, or that TacTGN38 passes through late endosomes
too rapidly to be detected by our methods. Further experi-
ments are necessary to distinguish between these possibili-
ties.

Kinetics of Trafficking TacTGN38 into and out of
the TGN

To determine how rapidly TacTGN38 internalized from
the cell surface begins to appear in the TGN, we incubated
cells at 37°C for 10 min with Cy3-anti-Tac Fab, and then
further incubated the cells in media lacking Cy3-Fab. The
cells were then fixed and labeled with Cs-NBD-ceramide
to identify the TGN. Single confocal slices were obtained
at a position corresponding to the NBD-labeled TGN (Fig.
9). Fig. 9 b shows the Cy3-Fab distribution after a 10-min
incubation with no chase. Fig. 9 a shows the corresponding
Cy¢-NBD-ceramide image. Some Cy3-Fab is seen colocal-
ized with the C¢-NBD-ceramide-labeled TGN (see ar-
rows), although the amount of anti-Tac in the TGN is low.
After a 10-min pulse and a 10-min chase there is much
more Cy3-Fab that overlaps the Cs-NBD-ceramide label-
ing (Fig. 9, ¢ and d). These data indicate that TacTGN38
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Figure 8. Little TacTGN38 is seen in late
endosomes. Cells were coincubated with
fluorescein dextran, and either with Cy3-
IgG (a) or rhodamine dextran (b) for 10
min and then chased for 20 min. Images
were obtained by confocal microscopy,
and single slices are shown. Fluorescein
dextran is shown in green, Cy3-IgG and
rhodamine dextran are shown in red, and
colocalized areas range from orange to
yellow. After a 20-min chase, the fluores-
cein dextran is much less colocalized with
the Cy3-IgG (a) than with the rhodamine
dextran (b). Bar, 10 pwm.

Figure 9. TacTGN38 reaches the TGN soon after internalization.
Cells were pulse-labeled with Cy3-Fab for 10 min before being
chased for either 0 or 10 min. The cells were then fixed, and the
TGN was stained with C¢-NBD-ceramide. Single-slice images
were obtained by confocal microscopy. (a and b, 0-min chase)
Some Cy3-Fab (b, arrows) is already seen in the NBD-stained
TGN (a, arrows). (c and d, 10-min chase) A larger amount of
Cy3-Fab (d, arrows) is in the TGN (c, arrows). (e and f) Image-
processing steps used to determine the amount of Cy3-Fab in
CgNBD-ceramide-labeled TGN. Background subtraction and
thresholding of ¢ is used to generate the mask of the Cs-NBD-
ceramide—labeled TGN as shown in e. After background-sub-
tracting d, the mask in e is applied to d to select those Cy3-Fab
pixels that overlap with the Cs-NBD-ceramide labeling, and the
result is shown in f. Arrows in c—f indicate the selected overlap-
ping areas. The intensity of the selected Cy3 pixels are summed
and then normalized by the number of pixels in the mask to give
the Cy3 fluorescence per NBD-labeled pixel. Bar, 10 pm.
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Figure 10. Accumulation of TacTGN38 in the TGN. Cells were
incubated with F-anti-Tac IgG for the times shown, fixed, and la-
beled with Cy3-anti-Tac IgG. Confocal microscopy was used to
obtain the entire 3-D distribution through the cell, and these im-
ages were quantified to determine the amount of F-IgG per TGN
volume element (O). The data were fit to a kinetic approach to
steady state with a half-time of 46 min. Cells were also incubated
with Cy3-anti-Tac Fab for different times, and then the TGN was
stained with C{qNBD-ceramide. Single slice images were obtained
by confocal microscopy. Quantification of the amount of Cy3-
Fab fluorescence per TGN area (see Fig. 9, c—f) also gave a half-
time of 46 min (A). Error bars represent SEM.

begins to enter the TGN within minutes after it is internal-
ized.

To measure the rate of accumulation of TacTGN38 in
the TGN, cells were allowed to internalize Cy3-Fab for
different times, fixed, and labeled by C¢g-NBD-ceramide.
Quantifying the accumulation will give the kinetics of ap-
proach to steady-state labeling of the TGN by internalized
TacTGN38. Single confocal slices were obtained at a posi-
tion corresponding to the NBD-labeled TGN, and the
amount of Cy3 fluorescence per NBD-labeled pixel was
quantified as described in Materials and Methods. Our im-
age-processing steps are demonstrated in Fig. 9 (c—f). In

Table I. Summary of Kinetic Parameters

short, background subtraction and intensity thresholding
of the C¢-NBD-ceramide-labeled image (Fig. 9 ¢) gives a
mask image (Fig. 9 e) that delineates the NBD-labeled ar-
eas from the background cellular fluorescence. This mask
image (Fig. 9 e) is applied to the Cy3-labeled image (Fig. 9
d) that has first been corrected for background to select
those Cy3 pixels that are colocalized with the C4-NBD-
ceramide, and the result is shown in Fig. 9 f. Arrows in Fig.
9, c—f indicate the colocalized selected structures. The in-
tensity of the selected Cy3 pixels in Fig. 9 f are summed
and then divided by the number of pixels in the NBD
mask, giving the Cy3 intensity per TGN area (i.e., NBD
pixel). These image-processing steps were applied to cells
that were incubated with Cy3-Fab for different times and
then labeled with Cs-NBD-ceramide after fixation. The
data are plotted in Fig. 10 (triangles). The approach to
steady-state labeling could be described by a single first-
order process with a ¢, of 46 min (Table I).

The approach to steady-state labeling in the TGN was
also determined in cells that had been incubated with fluo-
rescein-conjugated anti-Tac IgG for different times, fixed,
permeabilized, and labeled with Cy3 anti-Tac IgG. Confo-
cal microscopy was used to image the entire 3-D distribu-
tion of both fluorescent probes through the cell. Since at
steady-state TacTGN38 is mostly concentrated in the
TGN, we can use its presence as a marker for the TGN
(see Cy3 anti-Tac IgG labeling in Fig. 1, e and f). The
amount of fluorescein anti-Tac that overlaps with the Cy3-
labeled TGN at different times can be used to measure the
accumulation of internalized TacTGN38 into the TGN.

We carried out a quantitative analysis to determine the
amount of endocytosed TacTGN38 reaching the TGN at
different times in a manner similar to that shown in Fig. 9,
e and f (see Materials and Methods). We used the Cy3-1gG
image as a mask, and determined the amount of fluores-
cein fluorescence in it. This was done for every slice in the
3-D stack of the cell. The amount of fluorescein was di-
vided by the total number of the voxels (3-D pixels or vol-
ume elements) covered by the Cy3-labeled TGN structure
to give the amount of fluorescein per Cy3-labeled TGN
volume element. These data are shown in Fig. 10 (circles).
The approach to steady-state labeling could also be de-
scribed by a single first-order process with a #;, of 46 min
(Table I), and the time course is indistinguishable from the

No. of
experlments
Measurement (no. of fields
Kinetic step technique per time point) Fig. Rate constant Half-time
min~! min
Internalization ['?°1] IgG internal/surface 4 2b 0.154 + 0.008 45
ratio over short times 3)
F-IgG accumulation in TGN obtained 1 10 0.015 = 0.002 46
by 3-D confocal stacks [®)]
TGN to plasma Cy3-Fab accumulation in C&-NBD- 2 10 0.015 = 0.005 46
membrane rate (kr) ceramide labeled TGN 5)
Quenching of F-IgG 3 11 0.015 = 0.002 46
exiting TGN (10)
Recycling compartment-to-plasma Quenching of F-IgG exiting 4 6 0.073 = 0.032 9.5

membrane rate* (kg) compartment recycling

10)

*% of TacTGN38 delivered to TGN (determined by quenching of F-IgG exiting recycling compartment) is: 18.1 * 3.4%; (4 experiments, 10 fields per time point; Fig. 7).
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results obtained from quantifying the Cy3-Fab entry into
Cs-NBD-ceramide labeled TGN in single confocal slices.

Since the total pool of TacTGN38 is approximately at
steady state, the rate of filling the TGN should be bal-
anced by the rate at which TacTGN38 leaves the TGN,
and both processes should have a #, of 46 min. We di-
rectly measured the rate at which TacTGN38 goes from
the TGN to the cell surface by using the quenching of fluo-
rescein fluorescence by antifluorescein antibodies. Fluo-
rescein-labeled anti-Tac IgG was accumulated within the
TGN by pulse labeling the cells for 10 min, and then wash-
ing and chasing the cells with medium without F-IgG for
another 50 min. The F-IgG intracellular distribution was in
a perinuclear structure consistent with localization mainly
in the TGN (see Fig. 1). After the chase, antifluorescein
antibodies were added to the medium, and the loss of fluo-
rescein fluorescence over time was measured. This de-
crease in fluorescence is due to the F-IgG that reaches the
plasma membrane being quenched by the antifluorescein
antibodies in the extracellular media. Fluorescence mi-
croscopy confirmed the diminution of fluorescence in the
TGN over time in the presence, but not in the absence of
antifluorescein antibodies. Fig. 11 a shows images of cells
obtained by wide-field fluorescence microscopy after 10
min of antifluorescein antibody application, and Fig. 11 b
shows cells that have been chased with antifluorescein an-
tibody for 180 min. The fluorescence intensity is greatly re-
duced after the 180-min chase. The fluorescence power
per cell was determined as described in Materials and
Methods. As shown in Fig. 11 ¢, the loss of fluorescence
could be fit to a monoexponential decay (¢;, = 46 min; Ta-
ble I). By comparing the asymptote of Fig. 11 ¢ with that of
Fig. 6, we can estimate that ~18% of endocytosed F-anti-
Tac is delivered to the TGN without undergoing endocytic
recycling, which agrees with the value measured directly
(Fig. 7). The antifluorescein antibody did not alter the
trafficking of TacTGN38 since after binding to anti-Tac
the antifluorescein antibody was delivered efficiently to
the TGN (not shown).

Thus, by three independent methods measuring the traf-
fic from the cell surface to the TGN or from the TGN to
the cell surface, we find that TacTGN38 trafficks between
the TGN and the cell surface with a half-time of ~46 min
(Table I).

Discussion

Although the major cellular localization of TGN38 is the
TGN, a small percentage of TGN38 is found on the cell
surface (1). The TGN38 on the surface is internalized and
delivered to the TGN (23, 40). However, it has not been
known which postendocytic pathways TGN38 follows
from the cell surface to the TGN. Most membrane constit-
uents recycle back to the plasma membrane either by a
rapid recycling pathway (¢, ~ 2 min; 2, 38) or via the ERC
(tip ~ 10 min). Some membrane proteins are recycled
slowly, and are either retained intracellularly (e.g.,
GLUT4; 16) or are delivered to late endosomes (e.g.,
M6PR; 22). Efficient recycling of membrane constituents
is favored by the physical properties of the early endo-
somes (34), and specific peptide sequences or motifs are
associated with intracellular retention or delivery to late
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Figure 11. TacTGN38 goes from the TGN to the plasma mem-
brane with a half-time of 46 min. Cells were pulsed with 1 pg/ml
F-anti-Tac IgG for 10 min, and were then chased for 50 min. The
cells were then incubated with 10 pg/ml anti-fluorescein antibod-
ies that quench the fluorescence of F-IgG that returns to the cell
surface. Images obtained by wide-field microscopy show that
from 10 (a) to 180 min (b) in the presence of anti-fluorescein anti-
body, fluorescence quenching has occurred. The fluorescence in-
tensity was quantified to determine the loss of fluorescence in the
cell over time (c). When fit to a monoexponential decay, the ef-
flux kinetics show a half-time of 46 min for TacTGN38 to go from
the TGN to the plasma membrane. Bar, 10um; error bars repre-
sent SD.

endosomes (14, 19, 20, 35). TGN38 has been shown to
carry such information in its cytoplasmic and transmem-
brane domains (3, 15, 37, 49). A cytoplasmic sequence,
SDYQRL, is sufficient to promote rapid internalization by
the receptor-mediated endocytosis pathway, but this se-
quence is not sufficient to direct delivery to the TGN (18).
TacTGN38, which has the entire transmembrane and cyto-
plasmic sequence of TGN38, has been shown previously to
enter the TGN and to have a steady-state distribution very
similar to TGN38 (15, 39), and our studies confirm the
predominant TGN distribution of TacTGN38.

A major goal of this study was to analyze the kinetics of
trafficking from the surface to the TGN. We found that
TacTGN38 entered the ERC rapidly after internalization.
In fact, after short incubations with anti-Tac antibodies,
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the ERC was the major compartment that became labeled
(Fig. 3). TacTGN38 was internalized at a similar rate as Tf
(Fig. 2 b and Table I), and could also be seen in small
punctate compartments that contained Tf, and that have
been shown in previous studies to be sorting endosomes
(6,9, 29). These data indicated that for the first few min-
utes after internalization, TacTGN38 followed the same
itinerary as internalized Tf. This colocalization was further
demonstrated by coincubating cells with Cy3 anti-Tac IgG
and HRP-Tf. When the HRP-catalyzed reaction with
DAB was performed, the Cy3 fluorescence in the ERC
was extinguished, showing that the Cy3-IgG was in the
same compartment as the HRP-Tf (Fig. 5). We could not
detect significant accumulation of anti-TacTGN38 in late
endosomes that were labeled with internalized dextran
(Fig. 8). Thus, most internalized TacTGN38 passes through
the ERC.

What is the fate of TacTGN38 after it passes through
the ERC? Most of the internalized TacTGN38 returns to
the cell surface, but ~18% is retained inside the cell. This
was shown by loading fluorescein anti-Tac into the ERC
by short incubations followed by a chase with antifluores-
cein antibody in the chase medium. Under these condi-
tions, fluorescein-labeled antibodies are quenched when
they return to the surface. In each round of internaliza-
tion, ~82% of the anti-Tac was returned to the surface
with a t,, of 9.5 min, which is within experimental error of
the rate of return of recycling Tf receptors (29, 31, 38).
This result indicated that a TGN38 molecule on the cell
surface would recycle several times, on average, before be-
ing delivered to the TGN.

The fluorescence that remained in the cells after chasing
in the presence of antifluorescein antibodies showed a dis-
tribution characteristic of the TGN. Since this fluores-
cence was not quenched by the antifluorescein antibodies,
it must have moved to the TGN by an intracellular route.
However, it remains unclear precisely how TacTGN38
moves from the ERC to the TGN. We can detect endocy-
tosed TacTGN38 in the TGN as early as 10 min after the
start of internalization, indicating that there is not a long
lag before TacTGN38 is delivered to the TGN. We did not
observe significant accumulation of TacTGN38 in late en-
dosomes before entry into the TGN, indicating that little
of the traffic goes by this route, or the passage through the
late endosomes is too brief to allow detection. The sim-
plest explanation would be direct delivery from the ERC
to the TGN. The possibility of direct trafficking between
the ERC and the TGN is suggested by the association of
Rabll with both the TGN and the ERC (45, 46). If
TacTGN38 is directly delivered to the TGN from the ERC
while Tf is recycled back to the plasma membrane, it im-
plies that the ERC acts as a sorting site. This observation

Table I1. Cellular Distribution of TacTGN38

adds to our knowledge of the sorting functions of the
ERC. For example, certain recycling constituents are de-
livered to the cell surface unimpeded while the recycling
of other proteins are simultaneously slowed (28, 38). Also,
some Tf trafficks in a retrograde direction from the ERC
to sorting endosomes rather than recycling back to the
plasma membrane (10).

We measured the rate of accumulation of anti-Tac la-
beled TacTGN38 in the TGN (Fig. 10) and the rate of exit
of TacTGN38 on the way to the cell surface (Fig. 11).
Since the amount of TacTGN38 in the TGN is at steady-
state, the rate of accumulation should balance the rate of
exit, which was confirmed by the independent determina-
tions of the two rate constants that yielded the same value
(t1, of 46 min; Table I). The rate of accumulation of anti-
TacTGN38 in the TGN and the rate of exit from the TGN
are relatively slow compared with all the other steps in the
trafficking of TacTGN38. The slow exit from the TGN is
the major determinant of the distribution of TacTGN38.

Given the rate constants for internalization, exit from
the recycling compartment, exit from the TGN, and a
measurement of the amount on the surface at steady state,
we can construct a simple kinetic model that allows us to
predict the amount of TacTGN38 we expect to find in the
TGN. In such a model, we assume the intracellular
TacTGN38, C, is equal to the amount in endosomes, E,
plus the amount in the TGN, T. P represents the amount
on the plasma membrane that we have measured to be
11% of the total cellular amount. We can set the total cell-
associated TacTGN38 as: P + E + T = 1. The rate of
change of C is equal to the sum of the rates of change of E
and T, and is given by:

dc _ dT, dE

dt — dt dt

dT _

T = ker (=D E-kT

dE _

T = KP-kefE—kg (1-1)E

where k; is the internalization rate constant (0.154 min™1),
kt is the rate constant for TacTGN38 delivery from the
TGN to the cell surface (0.015 min™!), kg is the rate con-
stant for TacTGN38 recycling from the recycling compart-
ment (0.073 min™!), kgy is the rate of delivery from endo-
somes to the TGN, and fis the fraction of the internalized
TacTGN38 that is recycled from the endosomes (0.82).

At steady-state, dC/dT = 0, and solving the above equa-
tions allows us to predict the steady-state intracellular dis-
tribution of TacTGN38. This model predicts that 82% of
the total cellular TacTGN38 is in the TGN, and 7% is in
endosomes (Table II). The prediction that most of the
TacTGN38 is in the TGN is in agreement with the steady-

Organelle

Method of determination

% of total cellular TacTGN38

Plasma membrane

%

Surface ['*°T] IgG vs. total cellular ['*°T] IgG 11

accumulated to steady-state
TGN Prediction from trafficking rate constants 82

Endosomes

Prediction from trafficking rate constants 7
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state anti-Tac labeling pattern. This steady-state localiza-
tion demonstrates that the apparently low efficiency of de-
livery of endocytosed TacTGN38 to the TGN (18% with
each pass) is sufficient to accumulate the protein in the
TGN. We estimate that 100,000 copies of TacTGN38 are
in endosomes at steady state (7% of 1.5 X 10%), which is
similar to the amount of Tf receptor in the endosomes of
TRVbI cells (30).

In summary, we find that the majority of endocytosed
TacTGN38 trafficks through the recycling compartment,
and most of it returns to the plasma membrane on each
endocytic pass. Although we cannot totally rule out the
role of late endosomes as an intermediate in the posten-
docytic delivery of TacTGN38 to the TGN, it seems likely
that the major delivery is via the ERC. TacTGN38 rapidly
appears in the TGN, and slowly goes from the TGN to
the plasma membrane. A simple, first-order trafficking
scheme can account for the predominant distribution of
TacTGN38 in the TGN.
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