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In this report, we present an analysis of several recycling protocols based on labeling of membrane proteins with specific monoclonal
antibodies (mAbs). We analyzed recycling of membrane proteins that are internalized by clathrin-dependent endocytosis, represented by
the transferrin receptor, and by clathrin-independent endocytosis, represented by the Major Histocompatibility Class | molecules. Cell
surface membrane proteins were labeled with mAbs and recycling of mAb:protein complexes was determined by several approaches. Our
study demonstrates that direct and indirect detection of recycled mAb:protein complexes at the cell surface underestimate the recycling
pool, especially for clathrin-dependent membrane proteins that are rapidly reinternalized after recycling. Recycling protocols based on the
capture of recycled mAb:protein complexes require the use of the Alexa Fluor 488 conjugated secondary antibodies or FITC-conjugated
secondary antibodies in combination with inhibitors of endosomal acidification and degradation. Finally, protocols based on the capture of
recycled proteins that are labeled with Alexa Fluor 488 conjugated primary antibodies and quenching of fluorescence by the anti-Alexa
Fluor 488 displayed the same quantitative assessment of recycling as the antibody-capture protocols.
J. Cell. Physiol. 9999: |-14, 2016. © 2016 Wiley Periodicals, Inc.

Membrane proteins and their ligands are continuously
internalized by endocytosis into the endosomal system and
distributed into the recycling or degradation circuits of
endosomal organelles (Huotari and Helenius, 201 ). Endocytic
recycling is a highly regulated, dynamic, and complex cellular
process which in coordination with endocytic uptake and
lysosomal degradation is essential for the structuring of the
plasma membrane and membranous organelle composition
(reviewed by Maxfield and McGraw, 2004; Grant and
Donaldson, 2009). Consequently, endocytic recycling has
irreplaceable role in cellular physiology processes, such as
nutrient uptake, cell adhesion, proliferation, migration,
cytokinesis, antigen presentation, morphogenesis, immune
response, learning or memory, and important role in
pathophysiological processes such as neurodegeneration, toxin
delivery, infective diseases, metastasis and cancer,
atherosclerosis, and metabolic disorders (Mukherjee et al.,
1997; Maxfield and McGraw, 2004; Grant and Donaldson,
2009). Despite that, the physiology of endosomal recycling
routes and mechanisms are still at early stage of integration into
the cellular physiology, and especially into the higher-order
physiology (Grant and Donaldson, 2009). With the emergence
of molecules whose recycling mechanisms have been studied, it
was becoming clear about the need for integration of
endosomal recycling into physiology and pathophysiology of
many processes, but also about diversity of endosomal routes
and complexity of the regulatory mechanism.

Studies of endosomal trafficking suggest that membrane
proteins use various recycling pathways. However, much
knowledge about recycling route and the regulatory
mechanism was generated for transferrin receptor (TfR), a
clathrin-dependent cargo protein (reviewed Grant and
Donaldson, 2009). After fast endocytic uptake, TfR is
transported into early endosomes (EEs) and recycled back to
the plasma membrane either by the rapid (Hao and Maxfield,
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2000) and fast recycling route from EEs or collected in the
juxtanuclear tubular recycling compartment (JRC) which
slowly generates recycling carriers (Mukherjee etal., 1997; van
Dam and Stoorvogel, 2002; Maxfield and McGraw, 2004; Grant
and Donaldson, 2009). Recycling route, recycling rate, and
recycling efficiency are well established for TfR due to the
availability of an exquisite tool appropriate for radioactive,
chemical, or fluorescent labeling (Ciechanover et al., 1983;
Mukherjee et al.,, 1997; Hao and Maxfield, 2000; van Dam and
Stoorvogel, 2002; Majeed et al., 2014). In contrast to clathrin-
dependent cargo proteins, for many proteins that are
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endocytosed by the clathrin-independent mechanism, the rate
of endocytic uptake was not established and remains largely
unknown. The best characterized is the recycling route of
Major Histocompatibility Class | (MHC-I) proteins (Weigert
et al.,, 2004; Jovanovic et al., 2006; Donaldson and Williams,
2009; Grant and Donaldson, 2009), although recycling of
several clathrin-independent proteins was described in the last
decade (Vargas and Von Zastrow, 2004; Weigert et al., 2004;
Chen et al., 2005; Klein et al., 2006; Barral et al., 2008; Grant
and Donaldson, 2009; Zuo et al., 201 |; Maldonado-Béez et al.,
2013; Majeed et al., 2014; Hsu et al., 2015; Li et al., 2015;
Reineke et al., 2015).

For detection and quantification of recycling, several assays
were used. The main obstacles in studies of endosomal
recycling routes and mechanisms are the lack of appropriate
experimental settings and reliable ligands, especially for
membrane proteins that do not bind soluble ligands. Thus,
specific antibodies arose as a valuable tool for labeling and
detection of recycled proteins and, thereby, trace the recycling
pathway (Ghosh et al., 1998; Tanowitz and Zastrow, 2003; Lin
etal., 2004; Park et al., 2004; Scott et al., 2004; Vargas and Von
Zastrow, 2004; Weber et al., 2004; Weigert et al., 2004; Chen
et al.,, 2005; Jovanovic et al., 2006; Barral et al., 2008; Millman
et al,, 2008; Henriques et al., 2010; Ili¢ Tomas et al., 2010;
Mahmutefendi¢ et al., 201 |; Zuo et al,, 201 |; Zagorac et al.,
2012; Finetti et al., 2014; Hsu et al., 2015; Reineke et al., 2015).
Although antibodies were used in tracing the recycling routes
more than a decade, still there were many inconsistencies in
using different experimental approaches.

In this report, we performed a systematic study of various
protocols in which antibodies are used as tools to study
endosomal recycling. We used TfR recycling, as a paradigm of
rapidly endocytosed clathrin-dependent cargo molecule
(McMahon and Boucrot, 201 1), and fully conformed MHC-|
proteins as a paradigm for constitutively endocytosed clathrin-
independent cargo molecule (Donaldson and Williams, 2009).
Our study demonstrates that some antibody-based assays, with
proposed upgrades aligned with the cellular physiology of
endosomal trafficking and in combination with kinetic
modeling, may be used for quantitative assessment of
endosomal recycling of both clathrin-dependent and clathrin-
independent cargo proteins. Thus, our study contributes to the
development of experimental settings needed for further
expansion of endocytic recycling research.

Materials and Methods
Cell lines

Hela cells were obtained from American Type Culture Collection
(ATCC). J26-Cwé cells are murine Ltk-cells expressing human
beta-2-microglobulin (32 m) that were transfected with HLA-Cwé
heavy chain (HC) genes (Ferrier et al., 1985). Cells were grown in
DMEM, supplemented with 10% (v/v) of fetal bovine serum (FBS),
2 mM L-glutamine, 100 mg/ml of streptomycin, and 100 U/ml
penicillin. Also, J26 transfectants were grown with % pyruvate.
Cell culture medium and supplements were from Gibco
(Invitrogen, Eugene, OR).

Antibodies and reagents

We used the following monoclonal antibodies (mAbs) produced
by hybridoma cells: W6/32 (mouse 1gG,,, ATCC HB-95) that
reacts with HCs of fully conformed human MHC-I molecules
(Dangoria et al., 2002), HC-10 (mouse IgG,,, obtained from Dr
Hidde Ploegh, Massachusetts Institute of Technology, Cambridge,
MA) that recognizes peptide-empty 32m-unassociated HLA class |
HCs (Stam etal., 1986),andR17217.1.3 (ratlgG,,, ATCCTIB 219)
that recognize murine transferrin receptor (TfR). MAb to human
TR (236—15375), AF*®8. and AF***-conjugated transferrin (Tf),
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anti-Alexa Fluor 488, and AF*®8. and AF**_conjugated secondary
antibody reagents (2" Ab) to mouse IgG,, and rat Ig were from
Molecular Probes (Eugene, OR). FITC-anti-mouse Ig was from
Becton Dickinson (Franklin Lakes, NJ), and AF*®._conjugated
W6/32 antibody was from BioLegend (San Diego, CA). Propidium
iodide and Concanamycin A were from Sigma—Aldrich Chemie
GmbH (Darmstadt, Germany), saponin was from Roth (Karlsruhe,
Germany), protease inhibitor cocktail tablets (PICT) from Roche
(Mannheim, Germany), and Cytofix/Cytoperm from Becton
Dickinson.

Quantification of cell surface protein expression by
flow cytometry

Cells were collected by short trypsin treatment, washed in culture
medium and incubated at 4°C for 30—60 min with 5 pg/ml of
primary mAbs in PBS containing 10mM EDTA, HEPES pH =7.2,
0.1% NaNj3 and 2% FCS (PBS-A). Unbound antibodies were
removed by three washes with cold PBS-A, and the cells were
incubated 30 min at 4°C with 5 ug/ml of FITC-conjugated
secondary antibody reagents (FITC-2" Ab) in PBS-A. After three
washes with PBS-A, cells were analyzed by flow cytometry using
FACSCalibur flow cytometer (Becton Dickinson & Co, San Jose,
CA). Dead cells were excluded by propidium iodide (I ug/ml) and
a total of 5,000 cells were acquired. Fluorescence signal was
determined as mean fluorescence intensity (MFl) after subtraction
of the background fluorescence (AMFI) determined in the same
cells by incubation with nonreactive mAbs of the same isotype and
appropriate FITC-2" Ab.

To determine the relative cell surface expression, cells were
fixed and permeabilized with Cytofix/Cytoperm (12 min at 4°C)
either before (total cellular expression) or after (cell surface
expression) incubation with primary mAbs at 4°C in PBS-A. After
three washes with 0.1% saponin, cells were incubated with FITC-
2" Abs for 30 min at 4°C, and analyzed by flow cytometry as
described above. The percentage of cell surface expressed
molecules was calculated as

(AMFlceII surface)/(AMFltotal) x 100 (I)

Internalization and plasma membrane dynamics of cell
surface proteins labeled with mAbs

Cells were washed with PBS and incubated with TfR or MHC-I-
specific mAb (2 pg/ml) at 4°C for 60 min Unbound mAbs were
removed by the three washes with the cell culture medium and
internalization was initiated by the addition of pre-warmed cell
culture medium in pre-warmed tubes. After incubation at 37°C for
different times (t =xmin), the level of cell surface bound mAbs
was determined using FITC-2"¢ Abs (5 pg/ml) and flow cytometry.
The AMFI was calculated for each time point (AMFI._,),
representing proteins that remained at the cell surface. The AMFI
of the control cells, which were kept on ice, accounts for the total
cell surface expression before internalization was initiated
(AMFI._¢). The percentage of proteins that remained on the cell
surface at each time point was calculated as

(AMFl._,)/(AMFl,_q) x 100 ()

Immunofluorescence and confocal analysis of
internalized proteins

To visualize internalized proteins inside cells, the internalization
was performed on adherent cells grown on coverslips. Cells were
incubated with mAb reagents (2 p.g/ml) at 37°C for 60 min, washed
with PBS (3x), and uninternalized mAbs were acid stripped

(I min, pH 2.2) from the cell surface. Internalized mAbs bound to
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intracellular proteins were visualized on fixed (20 min at r.t. with
4% formaldehyde) and permeabilized (20 min at 37°C with 0.5%
Tween) cells using AF*8. or AF*>-2" Abs (60 min at 4°C).
Unbound reagents were washed with PBS and cells were
embedded in Mowiol (Fluka Chemicals, Selzee, Germany)-
DABCO (Sigma Chemical Co, Steinheim, Germany) in PBS
containing 50% glycerol and analyzed by confocal microscopy. In
some experiments, the TfR was labeled with fluorochrome-
conjugated Tf (20 pg/ml) at 37°C for 60 min.

Images were obtained using Olympus Fluoview FV300 confocal
microscope (Olympus Optical Co., Tokyo, Japan) with 60x
PlanApo objectives and either 4 x or 8 x zoom. Z-axis was 0.5 pum,
if not indicated otherwise. Images of single cells were acquired at
the same magnification, exported in a TIFF format, and processed
by Fluoview, Version 4.3 FV 300 (Olympus Optical Co., Tokyo,
Japan). Images were quantified by Image | software according to the
published protocols (McCloy et al., 2014). Briefly, cells of interest
were selected by using freeform selection tool, and area,
integrated density and mean gray value was measured for each cell
that was selected. For background correction, we used region next
to selected cells that had no fluorescence. Total corrected cell
fluorescence (TCCEF) for each cell of interest was calculated by
using the formula: integrated density — (area of selected
cell X mean fluorescence of background readings).

Kinetic modeling of TfR and MHC.-I trafficking

Kinetic modeling of endosomal trafficking of TfR and MHC-I was
performed by the modified multi-compartment model with first
order kinetics integrated into the in-house developed software
(Mahmutefendi¢ et al., 2016). A detailed description of the kinetic
modeling is presented in the supplemental material (Supplemental
Materials and Methods).

Recycling assays

Flow cytometric quantification of recycling by the
release of the recycled fluorescent ligand. Recycling of
TfR was quantified by detection of fluorochrome-conjugated Tf
loss from cells after pulse internalization (Jovic etal., 2014; Rahbek-
Clemmensen et al., 2014). Cells were incubated with AF88_Tf
(20 pg/ml) at 37°C for 60 min to load intracellular compartments,
washed three times in medium with unlabeled Tf, and acid washed
(1 min, pH 2.0) to remove uninternalized cell surface-bound AF*¢2.
Tf. The amount of internalized AF*®8-Tf was quantified by flow
cytometry (AMFl;.. «— 60) and the loss of fluorescence by recycling
determined after incubation at 37°C for different periods of time
(AMFl ¢, « —x) in the medium containing 200 p.g/ml of unlabeled Tf.
The percentage of the recycled was calculated as:

(1 = AMFlrec ./ AMFlipe —g0) x 100 (3)

Flow cytometric quantification of recycling of cell
surface proteins labeled with mAbs. Cell surface and
endosomal TfR and MHC-I proteins were labeled by incubation
with mAbs (2 pwg/ml) at 37°C for 60 min For labeling, we used
either unconjugated (protocols A-C) or AF*®._conjugated
(protocol D) mAbs. Unbound mAbs were washed with cell culture
medium, and mAbs bound to cell surface proteins were acid
stripped (I min, pH 2.0) leaving only intracellular pool of mAb-
bound complexes (mAb:protein). The surface fluorescence signal
after acid stripping, determined by flow cytometry using FITC- or
AF*8.27 Abs (30 min at 4°C) for protocols A-C, or anti- AF*®8
mAbs (30 min at 4°C) for protocol D was used as a background
(AMFl0n rec)- The efficiency of the acid stripping was ~95%
according to the ratio of the fluorescent signal before and after the
acid stripping. After labeling of the intracellular pool, the recycling
was initiated by incubation at 37°C (0—60 min). The amount of
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mAb:proteins that recycled was quantified using the following
approaches:

Protocol A—direct detection of recycled mAb-proteins at the
cell surface. The recycling was stopped by chilling cells on ice and
fluorescence signal of recycled mAb-proteins at the cell surface
was determined by flow cytometry for each time point of recycling
(AMFl,ec. ¢—») by 30 min incubation at 4°C with FITC-2"¢ Abs. The
intracellular pool of mAb:proteins (AMFl;.. .= ¢0) Was determined
after 60 min of internalization and the acid stripping on Cytofix/
Cytoperm fixed and permeabilized cells using FITC-2" Abs
(30 min at 4°C). The percentage of internalized mAb:proteins that
recycled to the cell surface was calculated as:

(AMFIreL t=x AMFInon rec)/(AMFIint, t:60) x 100 (4)

Cells incubated with non-binding antibodies, and FITC-2" Abs
served as negative control.

Protocol B—indirect detection of recycled proteins by measurement
of the intracellular pool that remains after acid stripping of recycled
mAb:proteins from the cell surface. After labeling of the
intracellular pool, cells were incubated at 37°C (recycling) for
various periods of time and mAb:proteins that recycled to the
cell surface were again removed by acid stripping. Cells were
fixed and permeabilized using Cytofix/Cytoperm, and
intracellular mAb:proteins quantified by FITC-2"* Abs (30 min
at 4°C) and flow cytometry (AMFl.e, (—). The decrease of
fluorescent signal by acid stripping of the cell surface represents
the number of recycled mAb:proteins as:

100 — (AMFlrec, iux — AMFlon rec) / (AMFli ) x 100 (5)

Protocol B'—Since the intracellular pool of mAb:proteins may
also be reduced by degradation and, thus, degraded mAb:proteins
can be incorrectly interpreted as recycled, we modified this
protocol as follows. After labeling of the intracellular pool and
recycling, cells were chilled and divided into two groups. In the first
group, the surface mAb:proteins were removed by acid stripping
and remaining intracellular mAb:proteins determined by FITC-2"
Abs on Cytofix/Cytoperm treated cells (AMFlyeg . rec, « —x)- Using
the calculation

100 — (AMFlgegrec, tx/ AMFlaeg i rec, c=0) X 100 (6)

we determined the amount of mAb-proteins that was degraded or
recycled at indicated period. In the second group, mAb:proteins
were determined on fixed and permeabilized non-acid stripped
cells by FITC-2" Abs, giving mAb-proteins that were degraded at
indicated time (AMFlyeg ) using the following calculation:

100 — (AMFlgeg, c—x/ AMFlgeg c—0) x 100 7)

The proportion of recycled mAb:proteins was the difference in
the percentage of both recycled and degraded and the percentage
of degraded molecules.

Protocol C—the direct capture of recycled mAb:proteins that reach
the cell surface by the fluorochrome-conjugated secondary antibody.
During recycling, cells were incubated at 37°C for a various period
(0—60 min) in the presence of either FITC- or AF*®.2" Abs
(2 pg/ml) to capture mAb:proteins complexes that recycled to the
cell surface and fluorescence signal quantified by flow cytometry
(AMFl,cc, 1 —x)- The intracellular pool of mAb:proteins before
recycling (AMFli,., .= 60) Was determined as described above, and
the percentage of internalized mAb:proteins that reached the cell
surface by recycling calculated using the Equation 4. Cells
incubated with non-binding antibodies and fluorochrome
conjugated-2"® Abs served as negative control.
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Protocol D—the immunofluorescence quenching of recycled proteins
labeled with AF*®®.conjugated primary antibodies. After 60 min
labeling with AF*®8_conjugated primary Abs (AF*€5.|5*Abs) at
37°C, cells were acid stripped and divided into two groups: one to
follow degradation and the other to follow degradation and
recycling. To calculate degradation, we incubated cells at 37°C for
various periods of time (0—60 min) and determined cell-associated
fluorescence by flow cytometry. The loss of fluorescence
represents the level of mAb:protein degradation at the indicated
time (AMFlyeg ¢ — ) as described in Equation 7. To determine both
degradation and recycliné, the other part of cells was incubated in
the presence of anti-AF*®® Abs, which quench with the AF*®®
emission with ~92% efficiency (Lin et al., 2004, our data). Thus,
the presence of anti-AF*® will quench the fluorescence of
AF*8_|*Abs labeled protein complexes that reappeared at the cell
surface by recycling. The loss of fluorescent signal, thus, represents
the level of mAb-proteins that were either degraded or recycled at
the indicated time periods (AMFlyeg + rec, ¢ —x) and the percentage
was calculated using Equation 6. The percentage of recycled mAb:
proteins was calculated as the difference between the percentage
of recycled plus degraded and proportion of degraded.

Kinetic analysis of recycling. The integrated recycling rate
constant (k) was determined the slope of the first-order rate
single exponential decay between time intervals in the
experimental quantification of recycling and by the best fit to the
experimental data throughout the period of 60 min of recycling.

The recycling fraction (RF), the fraction of internalized ligand-
labeled proteins that undergo recycling, was determined as a
fraction that gave plateau of recycling after the best fit to the
experimental data using calculated recycling rate constant.

The amount of recycled proteins R(t,) was calculated as:

R(t,) = I00RF — [00RF(I — k. At) (8)

For antibody-based recycling assays the amount of recycled
I*Ab-bound complexes was corrected for the number of 2"Ab
captured |**Ab-bound complexes that degraded (RD) within the
time period as:

R(t,) = I00RF — I00RF(I — k.At) — X "RD(t;)  (9)

Since experimental data demonstrated that the degradation of
cell surface 2"*Ab:1¥°Ab:protein complexes starts after 15 min
with the degradation rate constant (ky) that is determined
experimentally and adjusted by the best fit, RD was calculated as:

R(ty) = R(t, — 15) — R(ty — I15)(1 — kgAt) (10)

Kinetic modeling of recycling. Kinetic modeling of
endosomal distribution 1°*Ab-bound TfRs and MHC-| proteins
after cell surface labeling at 4°C and after 60 min labeling at 37°C
and kinetic modeling of recycling by the 2"-Ab capture of
I**Ab-bound TfRs and MHC-| proteins is described in
Supplementary material.

Quantification of MHC-I and TfR recycling by
immunofluorescence image analysis

Simultaneous recycling of MHC-I proteins and TfR was determined
by immunofluorescence using two protocols that differ in the
reagent for quantification of TfR recycling: either AF*38-Tf or
mAbs that react to TfR.

Recycling of TfR after labeling of with AF*38.Tf. Cells
grown on coversligs were 60 min incubated with mAbs to MHC-I
proteins and AF*8_Tf (20 pg/ml) at 37°C (internalization). To
display internalized mAb-MHC-I and AF*®.TfR uninternalized
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ligand were acid stripped (| min, pH 2.0) from the cell surface, cells
were fixed and permeabilized and mAb-MHC-| stained with AF>*>-
2" Abs £5 pg/ml). To allow recycling cells were incubated at 37°C
with AF>>>-2"4 Abs (I pg/ml) for 60 min and processed for
confocal analysis without permeabilization. Recycling of TfR was
quantified as a loss of green fluorescence and recycling of MHC-|
proteins as the accumulation of red fluorescence within the same
cell. Approximately 20 cells per coverslip were randomly selected
and imaged with Olympus Fluoview FV300 confocal microscope
(Olympus Optical Co.) with 60x PlanApo objectives. All images
were taken with identical settings that were optimized for the
signals to be in the dynamic range. Images were quantified by Image
] software, as described previously. TCCF was calculated for each
selected cell and the percentage of recycled MHC-I molecules was
calculated as:

TCCFrec/TCCFine 100 (1)

The percentage of recycled TfR was calculated as:

100 — (TCCF,ec/TCCFine* 100) (12)

Recycling of TfR after labeling with anti-TfR mAb.
TfRs and MHC-I proteins were labeled by the 60 min incubation at
37°C with mAbs, and recycled complexes were captured by AF*€8.
and AF>**-conjugated secondary reagents. Recycling of both TfR
and MHC-| was quantified on confocal images as the accumulation
of green and red fluorescence within the same cell. Percentage of
recycled was calculated using Equation 1.

Statistics and data fitting

Data are presented as mean & S.D. The significance of difference was
tested using Student’s t-test (P < 0.05 was considered significant).

To quantify goodness of any of the models obtained by the
described fitting processes we used the coefficient of
determination (R?)

SSe

RZ:n§ (13)

Here

m 2

SSE:Z<Q(|I)fq,<t('>,)t|,..,,)t,\,>> (14)

=1
is the residual sum of squares,

m

St = Z(Q(.') —aQ (15)

I L

is the total sum of squares,and Q| = — ZQ(ll) is the mean of the
m
=1

measured concentrations. Value of the coefficient of
determination is equal to the part of the variability of the data that
is covered by the model. The fitting was based on the adjustment
of kinetic parameters until the R? value was larger than 0.99.

Results
Kinetic parameters of intracellular trafficking of TfR and
MHC-I

In this study, we used monoclonal antibodies (mAbs) as a tool
for analysis of recycling of transferrin receptor (TfR) and fully
conformed MHC-I (fMHC-I) proteins in human Hela cells and
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murine fibroblastic cell line J26-Cwé stably transfected with
human HLA-Cwé. MAb W6/32 detected fMHC-I at a relatively
high level at the cell surface of both cell lines (Fig. | A), whereas
anti-TfR mAbs detected low level of TfR at the cell surface of
Hela cells and moderate level of TfR at the surface of J26-Cwé
cells, despite the high intracellular level (Fig. |A). Thus, for
analysis of TfR recycling using mAbs as a reagent, we used
J26-Cwé cells. We also followed recycling of open MHC-I
conformers (peptide-empty MHC-| proteins, eMHC-I) as a

control, because they do not recycle from early endosomal
recycling circuit by the fast and slow recycling route
(Mahmutefendic et al., 201 |; Zagorac et al., 2012).

After surface labeling with mAbs at 4°C and various periods
of incubation at 37°C (chase), the amount of mAb-bound
proteins (mAb:protein) at the cell surface of each time-point
reflects integrated rate of the plasma membrane and
intracellular cycling, including endocytic rate, recycling rates,
and inter endosomal trafficking rates. Thus, we determined the
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Fig. 1. Kinetic parameters of intracellular trafficking of MHC-I and TfR. (A) Flow cytometric profiles of cell surface expression of transferrin

receptor (TfR) and fully conformed MHC-I proteins (f(MHC-I) in untreated HeLa and J26-Cwé cells. AMFI represents the difference between mean
fluorescence intensities (MFI) of specific mAb-stained (blue histograms) and unspecific mAb-stained cells (white histograms). (B) Cellular
distribution of TfRs and fMHC-I in untreated Hela and J26Cwé cells (C) Kinetic modeling of cell surface and inter endosomal distribution of
internalized TfR and fMHC-I proteins in J26-Cwé6 and Hel a cells, respectively. Multicompartment model is shown in the left panel and the kinetic
modeling on the right. Screenshot of the modeling software shows relative distribution of mAb-labeled TfR and fMHC-| after internalization. The
modeling was based on experimental data. The data () represent the mean values + S.D. of cell surface expression of mAb-bound TfR and fMHC-
I after internalization obtained in | | and 9 independent experiments, respectively. Kinetic parameters (rate constants and the onset of transition
between compartments) of distribution shown in the modeling software screenshots are presented in tables.
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kinetics of cell surface expression of mAb-labeled TfRs and
MHC-| proteins by flow cytometric quantification after
different periods of the chase (Fig. | C). We used these data and
parameters from existing literature (Mukherjee et al., 1997;
Hao and Maxfield, 2000) to model their intracellular trafficking
and to determine kinetic parameters of their recycling. For
modeling, we used in-house developed software, which
integrates multicompartment trafficking based on the first-
order rate reactions (Fig. 1C). In our model, we divided the
early endosomal (EE) recycling circuit into three
compartments: pre-EEs, early stages of EEs as a source of rapid
recycling; EEs, tubular, or vesicular EEs as a source of fast
recycling; and the JRC as a source of slow recycling (Hao and
Maxfield, 2000; Grant and Donaldson, 2009; Hsu et al., 2012).
To model trafficking within the EE recycling circuit, we set up
six kinetic rate constants (k;—kg) and rate constant of transit
from EEs towards late endosomes (k;) (Fig. 1C). Fitting these
parameters to the experimental data (cell surface expression of
mAb-proteins) demonstrated that both TfR and MHC-I must
use all three routes of recycling (rapid, fast, and slow) to justify
cell surface levels established by intracellular cycling after a
chase at 37°C (Fig. | C). Optimized parameters (k,—k;) and the

onset of transit between compartments is presented in tables
within the Figure |C. These parameters suggest that TfR and
MHC-I use distinct endosomal domains or even subsets for
recycling within the EE recycling circuit. Additionally, modeling
of inter endosomal trafficking demonstrates also relative
distribution within plasma membrane and endosomal
compartments with time (Fig. 1C). All these parameters were
used for further modeling of recycling.

Recycling protocols based on antibody reagents as a tool
for membrane protein labeling

To determine endocytic recycling, we tested four recycling
protocols based on mAbs as reagents for detection of cell
surface and an endosomal fraction of proteins. As a reference,
we used the well-established protocol of TfR recycling by
detection of the fluorescent ligand loss (Tf).

Cells were incubated with unconjugated (Fig. 2, protocols
A—C) or AF*®._conjugated (Fig. 2, protocol D) primary mAbs at
37°C over 60 min to label all proteins that are present at the
cell surface and that appear at the cell surface (recycled from
the endosomal system, from the secretory pathway) during this
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Fig. 2. mAb-labeling based recycling protocols. Cell surface proteins were labeled with specific unconjugated (protocol A-C) or AF*22.
conjugated (protocol D) mAbs by continuous exposure to mAbs at 37°C for 60 min Un-internalized mAbs were acid stripped (pH 2.0 for

I min), and cells were incubated at 37°C up to 60 min for recycling. Recycled mAb-labeled proteins were detected by flow cytometry either
directly, by detection of recycled complexes at the cell surface using AF*®3.2"Y Abs (protocol A), or indirectly, by detection of recycled
proteins by measurement of the intracellular pool that remain after acid stripping of recycled mAb-bound complexes from the cell surface
(protocol B), or by capture of all recycled mAb-bound complexes at 37°C that reach the cell surface by AF*28.2" Abs (protocol C). Recycled
AF*®_primary mAs-labeled proteins were captured by anti-AF*®® mAbs at 37°C and the loss of fluorescence by quenching was quantified by

flow cytometry (protocol D). For details see Material and Methods.
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time and to establish steady-state distribution within endosomal
compartments as a consequence of endosomal cycling. Residual
cell surface bound mAbs were then acid stripped and cells were
incubated at 37°C for various time periods to allow the
recycling. The intracellular (endosomal) fraction that reappears
at the cell surface (recycle) was determined by the following
approaches (Fig. 2, protocols A-D).

In protocol A, after recycling at 37°C, mAb-bound proteins
that reappeared at the cell surface (recycled) were determined
directly by staining cells at 4°C with fluorochrome-conjugated
2" Abs (Fig. 2, protocol A). This approach has been used in
several studies (Tanowitz and von Zastrow, 2003; Park et al.,
2004; Vargas and Von Zastrow, 2004; Weber et al., 2004;
Weigert et al., 2004; Barral et al., 2008; Millman et al., 2008;
Henriques etal., 2010; Zuo etal., 201 |; Finetti et al., 2014; Hsu
et al.,, 2015; Reineke et al., 2015).

In protocol B, recycled mAb-bound proteins were detected
indirectly, by quantification of non-recycled mAb:proteins that
remained in the cell interior after acid-stripping of those that
reached the cell surface. The intracellular mAb-proteins were
determined by fluorochrome-conjugated 2"! Abs and the loss
of fluorescence represented recycled mAb-proteins that were
removed by the acid stripping. This protocol has been used for
quantification of recycling of MHC-| proteins (Jovanovic et al.,
2006). Given that the loss of fluorescence may also be a result
of degradation of internalized mAb-proteins, we upgraded this
protocol (protocol B’) for quantification of total fluorescence
(cell surface and intracellular) by permeabilization and staining
of non-acid stripped cells (Fig. 2, protocol B). Using this
approach, the loss of fluorescence in acid-stripped cells
represents recycling plus degradation, the loss of fluorescence
in non-acid stripped cells represents degradation and the
recycling was calculated as the difference.

In protocol C, during recycling at the 37°C, fluorochrome-
conjugated secondary Abs were present in incubation media
and thus recycled mAb-proteins were captured by the
fluorochrome-conjugated 2" Abs while reappearing at the cell
surface at 37°C (Fig. 2, protocol C), irrespective whether they
remained at the cell surface or were re-internalized after
recycling. This approach was used in several studies (VWeber
et al,, 2004; Scott et al., 2004; lli¢ Tomas et al., 2010;
Mahmutefendi¢ et al., 201 |; Zagorac et al., 2012).

In protocol D we used AF**€_conjugated 1°*Abs for labeling
of cell surface proteins. After internalization at 37°C (60 min)
and acid-strippingé cells were divided into two samples. In one
sample, anti-AF*®® Abs were present in incubation media
during recycling at 37°C, which quenches AF*® ~ 90%
efficiency (Lin et al., 2004; our unpublished data). AF**8-mAb-
bound proteins were captured with anti-AF*®® Abs when
reappeared at the cell surface (recycled), and the fluorescence
was quenched, irrespective whether they remained at the cell
surface or were re-internalized. To include the degradation of
mAb-proteins into the calculation, the loss of fluorescence was
determined in cells that were chased in the absence of anti-
AF*8 Abs (the second sample). Therefore, the loss of
fluorescence in this group was used as a measure of
degradation (Fig. 2, protocol D). Recycling is calculated as the
difference between the first and the second sample. The
protocol D was used in several studies (Ghosh et al., 1998; Lin
et al., 2004; Chen et al., 2005), but without the second sample
modification that also includes degradation.

Quantification of recycling of clathrin-dependent
membrane protein by antibody reagent-based recycling
protocols

To validate the recycling protocols, we first compared
quantification of TfR recycling using a standard protocol based
on the release of fluorescent ligand (AF*®.Tf) with antibody
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reagent-based protocols A—C (Fig. 2). The recycling rate of the
TfR was first determined as the loss of immunofluorescence
after loading of endosomal compartments with the fluorescent
ligand (Tf-AF*®®)labeled receptors and subsequent incubation
in the absence of fluorescent ligand and the excess of the free
ligand, as described in many studies (Matsui and Fukuda, 2014).
In both, J26-Cwé and Hela cells the integrated recycling rate
constant (k,) was ~0.09 min~" (Fig. 3A) and recycling fraction
(RF) of 0.91 and 0.85, respectively. This is consistent with the
well-established rates in other cell lines (Ciechanover et al.,
1983; Mukherjee et al., 1997; Hao and Maxfield, 2000; van Dam
and Stoorvogel, 2002) and suggests that in both Hela and
J26-Cwé cells the TfR recycling system operates on similar
principles.

Direct detection of mAb-labeled TfRs that reappeared at the
cell surface (Protocol A) revealed only 34% receptors (RF 0.34)
that recycle with the integrated rate constant (k,) of
0.115min~" (Fig. 3B). This result indicates that mAb-labeled
receptors recycle as efficiently as unlabeled receptors, but due
to the low retention time at the cell surface only a fraction of
receptors can be detected by recycling protocol A. This
fraction corresponds to the cell surface fraction of TfRs that
can be determined at steady state (Fig. 1B). Quantification of
recycling receptors by the indirect detection (Protocol B) also
discovered 35% of recycled receptors (RF 0.35) and suggested
higher integrated recycling rate (0.142min~', Fig. 3B). Thus,
these two protocols are not appropriate for quantification of
recycling of cellular proteins that are constitutively internalized
by clathrin-dependent endocytosis and thereby have short
retention time at the cell surface.

The capture of recycled mAb-TfRs by FITC-2"Ab
(Protocol C) revealed 87% of recycling receptors that
reappeared at the cell surface (RF 0.87) with the integrated
recycling rate constant (k) of ~0.105min~"' (Fig. 3C), which
is close to the recycling efficiency and the recycling rate
determined by the loss of fluorescent ligand (Fig. 3A).
However, by this protocol, the plateau could not be reached,
and a decline of the fluorescent signal was observed after
incubation longer than 30 min (Fig. 3C). This decrease may be
associated with the rapid reinternalization and degradation of
2"Ab captured mAb:TfR complexes. Kinetic simulation of
recycling with the integration of the degradation
demonstrated that the best-fit can be achieved by the
integration of degradation after 20 min of recycling with the
rate constant (kq) of ~0.012min~" (Fig. 3C, full line). Thus, if
experimental data were supplemented with the kinetic
simulation which includes degradation, the antibody-capture
protocol will give higher recycling efficiency (~0.99) than the
ligand release protocol (Fig. 3C, dashed line; compare with
the data in Fig. 3A). Thus, the inclusion of the kinetic
simulation into the 2"*Ab capture protocol may overcome
technical problems that often arise with the use of a
fluorescent ligand (i.e., fluid-phase uptake).

To simulate recycling, we used parameters mAb:TfRs cycling
presented in Figure |C and extended it to the conditions
established by the recycling protocol C (Fig. 3C). After 60 min
of cycling the cell surface level was set up to 0 (acid strip), the
overall cycling continued with the same kinetic parameters
(Fig. 1C) and the recycled receptors redirected into the fast
degradation route with the constant rate of ~0.012min "
Using these parameters, the recycling kinetic (Fig. 3D, light blue
line) fully aligns with the calculated first-order rate (Fig. 3D,
dashed line). However, to align kinetic of recycled receptors
captured by the 2"?Ab (Fig. 3D, red line) we introduced
efficiency of the 2"#Ab catch of 0.55 min~'. Thus, if the 2" Abs
recognize mAb:TfRs with the 55% efficiency in a minute and
redirect complexes into the fast degradation track, we
modeled similar result (Fig. 3D) as determined by the recycling
protocol C (Fig. 3C). Also, the modeling displays relative



BLAGOJEVIC ZAGORAC ET AL

Protocol A Protocol B
100 E _;_\l{lZGL-CW6 100 E kr =0.115 min.1 E kr =0.142 min-1
801 g go § NmR= O | R =03
3 ] kS ] ]
o 60 - S 60 A ]
> b > ] ]
g . § o1 ]
= 40 1 S 40 7] ]
X ] X ] ]
20 1 k. = 0.09 min"! 20 1 ]
] RF (126, = 0.91 ] ]
01 RF (eLa) = 0.85 0] i
0 20 40 60 0O 20 40 60 O 20 40 60
time (min) time (min)
Protocol C Protocol C
100 ] 100 A — PM
1 . pre-EEs
80 - 80 .
o ] ] — JRC
S 60 ] 60 - Recycled (total)
Py ] ) i — Recycled & degraded
i‘: 40 ] e 40 - --- 1storder rate
T 01 k=0.105mint . k; = 0.44 min-!
] RFeq = 0.99 20 1 ky = 0.34 min-"
0] ky=0.012 min-! ] k3 = 0.39 min-!
T T T T T T T T T T T 0 - k4 =045 min:1
0 20 40 60 0 20 40 60 ks =0.13 min™*
time (min) time (min) ks = 0.115 min™!

Fig. 3. Quantification of TfR recycling by antibody reagent-based protocols. (A) Kinetics of TfR recycling determined by release of the
fluorescent ligand (AF*®.Tf). J26-Cwé and Hela cells were incubated 60 min with AF*%3.Tf at 37°C (internalization) and the loss of the
intracellular fluorescence (recycling) determined by flow cytometry. Data represent the mean values + S.D. from independent experiments
(n =6 for J26-Cwé cell and n=9 for HeLa). The curve integrates first-order kinetics based on the integrated recycling rate constant (k,) and
recycling fraction (RF). (B) Kinetics of TfR recycling determined by the mAb-based protocol of recycling. J26-Cwé cells were incubated 60 min
with R17 mAbs (internalization), un-internalized mAbs were acid stripped, and cells were incubated at 37°C up to 60 min (recycling).
Percentage of recycled receptors was determined by direct (protocol A), and indirect (protocol B) flow cytometric detection of recycled
mADb:TfR using AF*®%.anti-rat-IgG. Data represent the mean value + S.D. from four independent experiments. (C) Kinetics of TfR recycling
determined by the antibody-capture protocol C. TfRs were labeled with RI7 mAbs as described above and mAb-bound recycling receptors
captured by the FITC-anti-rat IgG at 37°C. The curve integrates the first-order kinetics based on integrated recycling rate constant (k,) and
recycling fraction (RF) with (full line) and without (dashed line) the degradation rate constant of reinternalized recycled complexes (ky). Data
represent the mean value £ S.D. from five independent experiments. (D) Kinetic modeling of TfR recycling under the conditions of protocol C,
using the data obtained in the Protocol C and kinetic parameters of TfR cycling presented in Figure 1C. The light blue line represents
calculated recycling kinetic, the dashed line first-order rate reaction and the red line kinetics of detection of the 2"®-Ab captured receptors
with the efficiency of 0.55 min~' and degradation of internalized 2"*Ab-captured complexes after 20 min with the rate of 0.012 min~'. Shown is
the relative contribution of EE compartments in recycling.

contribution of EE compartments in the recycling of TfRs because a fraction of recycled MHC-I proteins can also be
(Fig. 3D). re-internalized.

Altogether, the antibody capture-based recycling protocol In contrast to protocol A, protocol B detected 75% of
C supplemented with the kinetic modeling may accurately recycled fMHC-| and 45% of recycled eMHC (Fig. 4). The
display recycling kinetic of rapidly endocytosed clathrin- protocol B detects mAb-bound proteins that are retained
dependent membrane proteins. intracellularly as non-recycled molecules. Thus, molecules that

leave EEs towards the LEs and enter the degradative route are

Quantification of recycling of clathrin-independent recognized as recycled, which gives false high recycling fraction.

membrane protein by antibody-based protocols When this protoco! was corrgcted for degradation of mAb-

bound proteins during the period of recycling, the recycling of
The antibody-based protocols were further tested on the eMHC-| was less than ~2%, but the overall recycling fraction of
recycling of fMHC-I proteins. Protocol A detected ~22% of fMHC was ~20% (data not shown). Thus, the values obtained
recycled fMHC-I proteins (RF 0.22) with the integrated by the recycling protocol B, in fact, represented recycled
recycling rate constant (k,) of ~0.145min"', and detected and degraded MHC-| proteins. With the modification which
recycling of ~3% of eMHC (Fig. 4). Similar to TfR (Fig. 3B), includes degradation (protocol B’), the recycling protocol B
the protocol A may underestimate the recycling fraction measured similar recycling efficiency as the protocol A.
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Fig. 4. Quantification of recycling of MHC-I proteins using antibody-based recycling protocols. The four protocols described in Figure 2 were
tested on Hela cells. The recycling of fully conformed MHC-I (fMHC-I) and open MHC-I conformers (eMHC-I) was quantified using flow
cytometry. The curve integrate the first-order kinetics based on integrated recycling rate constant (k,), recycling fraction (RF), and either
endocytic rate constant (k.) in protocol A or degradation rate constant of reinternalized recycled complexes (kg) in protocols C and D.
Data represent the mean value +S.D. from at least four independent experiments.

The protocol C detected little recycling of eMHC-I and
detected ~38% of recycled fMHC-I (RF 0.38) with integrated
recycling rate constant (k,) of ~0.172min~"' (Fig. 4). In this
protocol the gain of fluorescence is used as a basis for
calculation of recycling. As with the TfR (Fig. 3C), however, the
fluorescence signal decreased after 30 min with the predictable
constant rate (kq) of ~0.01 1 min~" (Fig. 4).

In the protocol D, which is based on labeling of f/MHC-I
proteins with AF*®8_conjugated primary Abs and capture of
reappeared mAb:MHC-| complexes by the anti-AF*¥€ mAb that
quenches the fluorescent signal, the loss of fluorescence was
used for calculation of recycling. The protocol D detected
~35% of recycled fMHC-I (RF 0.35) and displayed the
integrated recycling rate constant (k,) of ~0.165 min~" without
reduction (kq=0) after prolonged incubation (Fig. 4).

Clarification of the protocol C

In the 2"Ab-capture assay (protocol C), we used FITC-2"Ab
reagents, most frequently used and economically suitable
reagents for flow cytometric studies. FITC-conjugated
reagents may reduce emission in the acidic environment similar
to that of LEs/lysosomes (Lanz et al., 1997), thus, the loss of
signal in the protocol C may be associated with the decreased
fluorescence emission after rapid internalization of
2"Ab: | **Ab:fMHC-I complexes into acidic endosomes, or by
their degradation, or both. To clarify these options we
performed the following experiments.

First, we determined the onset of the loss of fluorescence
signal after internalization of 2"Ab:1**Ab:fMHC-I complexes.
The complexes were established at the cell surface by
incubations at 4°C followed by incubation at 37°C and
quantification of the fluorescence signal by flow cytometry.
Under the same experiment, the recycling assay was
performed. As shown in Figure 5A, the loss of fluorescence was
detectable after 20 min and continued at the constant rate
(~0.009 min~"). The loss of fluorescence of 2"*Ab:1**Ab:
fMHC-I complexes established at 4°C coincided with the
loss of signal in the recycling assay, suggesting that the
2"Ab: | **Ab:fMHC-I complexes established by the Ab-capture
in the protocol C were rapidly internalized and reached acidic
endosomes after |5 min.

Second, to distinguish contribution of the entry of
2"Ab: |**Ab:MHC-I complexes into acidic endosomes and
degradation, we performed the recycling assay in the presence
of Concanamycin A (ConA), an inhibitor of endosomal
acidification and degradation (Drose and Altendorf, 1997), or
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protease inhibitory cocktail (PICT), inhibitor of lysosomal
degradation (Durrington et al., 2010). As shown in Figure 5B,
the addition of ConA or PICT during the 2"%Ab-capture
prevented loss of the fluorescence, suggesting that lysosomal
degradation is one of the main causes of the loss of
fluorescence. However, the fraction of recycled mAb:fMHC-|
that was detected in Con A-treated cells was higher than in
PICT-treated cells (0.45 vs. 0.4), suggesting that endosomal
acidification also contributes to the loss of fluorescence.

Third, we performed 2"Ab capture using AF**®-conjugated
secondary reagent, since it is known that AF™" emission is
insensitive to pH changes (Panchuk-Voloshina et al., 1999). As
shown in Figdure 5C, the loss of fluorescence was not present
when the 2"*Ab capture was performed with AF*®.anti mouse
IgG. Under identical experimental conditions, anti-mouse
IgG-FITC displayed 38% whereas anti-mouse IgG-AF*®
displayed 44% of intracellular mAb:fMHC-I as recycled.
Therefore, although economically less favorable, AF*®8-2"Ab
reagents are more feasible for Ab-capture assay and flow
cytometric quantification. However, AF*8 did not undergo
degradation (Fig. 5D) and, thereby, cannot be appropriate for
the assays which consider lysosomal degradation.

Finally, as with the TfR (Fig. 3D), we performed a simulation
of recycling of fMHC-I (Fig. 5E), using parameters of kinetic
MHC-I cycling (Fig. 1C) and recycling parameters obtained by
protocol C (Fig. 4). To simulate conditions of the recycling
assay, which is based on the continuous presence of |**Ab
during 60 min of labeling, the cell surface level of MHC-| was set
to 100%. Thus, in addition to preexisting MHC-I proteins at the
cell surface, we also included in 1°°Ab labeling those that reach
the cell surface within 60 min either from the secretory
pathway or endosomal system. After setting up the cell surface
to 0 (simulation of the acid strip), mAb:fMHC-I continued
traveling through endosomes (Fig. 5E) and recycled were
displayed as caught with the 2"Ab (Fig. 5E, light blue line) with
an efficiency of 0.55 min . The simulation of recycled was well
aligned with the first order rate kinetic (Fig. 5E dashed black
line) determined experimentally (0.165min ') and
demonstrated that under these trafficking conditions (k;—kg) a
fraction of ~42% of mAb:fMHC-I can be detected. A major
reason for that was the relocation of mAb:fMHC-I into late
endosomes (Fig. 5E). The introduction of degradation of
reinternalized 2"Ab- | **Ab-MHC-| complexes with the rate of
0.011 min~" gave similar recycling curve (Fig. 5E, red line), as
determined experimentally (Figs. 4 and 5A).

Altogether, our analysis indicates that both protocol C and
protocol D may be used for flow cytometric quantification of
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Fig. 5. Analysis of antibody-based recycling protocol C. (A) Loss of fluorescence after internalization of FITC-2"%-Ab captured complexes.
Recycling of mAb:fMHC-1 complexes was determined by the capture with FITC-2"*Ab (Protocol C) and under the same experimental
conditions determined the onset and the rate of degradation of FITC-2"9Ab:1**Ab:MHC-I complexes formed at the cell surface at 4°C. The
data represent the mean + S.D. from three independent experiments. (B) Effect of inhibition of lysosomal degradation on the outcome of
recycling protocol C. Recycling of mAb:fMHC-1 was determined by the FITC-2"*Ab capture (Protocol C) in the presence of the PICT,
lysosomal protease inhibitors cocktail, or 100 nM of Concanamycin A (ConA,). Data represent integral representative experiment (n = 3).
(C) Comparison of AF488- and FITC-2" Abs in the antibody capture. The protocol C was performed under identical conditions using AF*®-
or FITC-anti-mouse IgG. Data represent integral representative experiment (n=3). (D) AF*®® does not degrade in lysosomes. Cells were
incubated with AF**®.EGF (2.5 pg/ml) for 50 min and degradation was quantified by flow cytometry on saponin (0.05%) permeabilized and
non-permeabilized (untreated) cells. Data represent integral representative experiment (n=3). (E) Kinetic modeling of MHC-I recycling
under the conditions of protocol C, using the data obtained in the Protocol C and kinetic parameters of MHC-I cycling presented in Figure I1C.
The cell surface level was set up to 0 (simulation of the acid wash) and cycling throughout the endosomal system continued with the same
kinetic parameters (k;—k;) and the introduction of kg which represents the rate constant of entry from LEs into lysosomes (degradation). The
light blue line represents calculated recycling kinetic, the dashed line first-order rate reaction and the red line kinetics of detection of the
2"9Ab captured complexes with the efficiency of 0.55min~' and degradation of reinternalized 2"“Ab-captured complexes after 20 min with
the rate of 0.011 min—'. Also, shown is the simulation of the relative distribution of mAb:fMHC-I in endosomal compartments over 60 min.

recycling of Ab labeled clathrin-independent proteins. The
protocol C is less experimentally demanding, but requires the
use of AF*®.conjugated secondary reagents or requires
upgrades with an inhibitor of endosomal acidification and
degradation (i.e., ConA) when FITC-conjugated secondary
reagents are used. When performed simultaneously under
identical experimental conditions, the protocol D gave the
identical results as ConA-upgraded protocol C (Fig. 6). If
experimental conditions do not support the use an inhibitor of
endosomal acidification, either AF**®-2"Ab reagents are
recommended or FITC-2"?Ab reagents in combination with
the kinetic modeling that integrates degradation of the
reinternalized 2"*Ab captured complexes.

mAb-bound membrane proteins stably recirculate
throughout the endosomal system

Modeling of intracellular distribution, kinetic parameters, and
modeling of recycling was based on the assumption that
mAb-bound proteins stably recirculate in the endosomal
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system. To test this, we designed window experiments

(Fig. 7A) in which we first incubated cells with mAbs to fMHC-I
(1°*Abs) for 60 min (internalization), washed excess of unbound
Abs and performed antibody capture protocol (protocol C) for
30 min, starting at various periods after internalization and
incubation at 37°C. Before antibody capture with AF*8.2"¢Ap,
the cell surface bound 1°*Abs were removed by the short acid
wash and the intracellular amount of 1°°Abs was quantified on
permeabilized cells by flow cytometry. The same approach was
also tested by immunofluorescence. After 60 min of
internalization, mAb:fMHC-I was found in punctate and tubular
endosomal carriers and the juxtanuclear compartment, and the
same pattern was observed after 150 min of the chase in
mAb-free medium (data not shown). Flow cytometric
quantification of intracellular mAb:fMHC-I (Fig. 7B) and TfR
(data not shown) demonstrated similar amounts in comparison
with the intracellular pool after 150 min of the chase as
immediately after labeling. Furthermore, the overall amount of
mAb:fMHC-I (Fig. 7C) and TfR (data not shown) in the EE
recycling domain(s) was similar and recycling fraction
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determined by the antibody-capture protocol after 30 mins
were indistinguishable. These data indicate that mAb-bound
fMHC-I proteins and TfR stably recirculate in the early
endosomal system, and that antibody binding does not elicit
their degradation.

Quantification of recycling of clathrin-dependent and
clathrin-independent cargo molecules within the same
cell

Fluorescent-secondary antibody capture of recycled mAb-
labeled proteins also enables the establishment of the assay
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Fig. 7. mAb-bound MHC-I proteins stably cycle in the early
endosomal system. (A) Experimental design. HelLa cells were
incubated for 60 min at 37°C with mAbs Wé6/32 (5 pg/ml) to label
cell surface and an early endosomal pool of MHC-I. After 60 min
unbound mAbs were washed and cells incubated in mAb-free
medium (chase). After various periods of the chase, the mAbs
exposed at the cell surface were removed by the acid wash and cells
incubated for 30 min in medium containing AF*®%.anti-mouse IgG to
capture recycled mAb:fMHC-I. (B) Flow cytometric quantification
of intracellular mAb:fMHC-I on permeabilized cells. Data represent
the mean AMFI £ S.D. of three independent experiments.

(€) Quantification of 30-min recycling efficiency, determined by
the antibody capture protocol (protocol C), after various periods of
the chase. Data represent the mean AMFI £ S.D. of three
independent experiments.
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based on simultaneous quantification of recycling together with
clathrin-dependent cargo protein. We simultaneously labeled
TfRs with fluorescent transferrin (Tf-AF*®8) and fMHC-|
proteins with mAbs by incubation at 37°C for 60 min (Fig. 8A).
This approach labels all proteins that reside at the plasma
membrane and that load early endosomal system, as described
above. Essentially, the same could be achieved by incubation at
4°C and internalization at 37°C, but this approach resulted in
lower TfR signal inside the cells. After 60 min of internalization,
the un-internalized reagents were acid stripped from the cell
surface and the cells were again incubated at 37°C in the
presence of AF*>>-2"! Abs (recycling). During incubation,
recycled TfRs released AF*_Tf from the cell, resulting in the
loss of green fluorescence, and recycled mAb:fMHC-I
complexes were caught with AF>>>-2" Abs, leading to the
increase of red fluorescence at the cell surface and inside the
cell (Fig. 8A). Overlaid sequence of images of cells was
quantified for the intensity of fluorescence. By this
quantification, we measured that 90% of TfRs and 45% were
recycled within 60 min, which is similar to data obtained by flow
cytometric assays (Fig. 8B). Similar results have been achieved
under conditions when both TfRs and fMHC-I recycling was
detected by fluorescent secondary antibodies (Fig. 8C and D).

Discussion

To understand the cellular physiology of a membrane protein,
including feedback mechanisms that determine their
intracellular distribution and consequently function, it is
essential to construct their intracellular itinerary, which
includes endocytic uptake, inter endosomal trafficking, and
endosomal recycling. Quantitative analysis of endosomal
recycling is, therefore, required for integration of cellular
physiology of endocytic trafficking of membrane proteins. For
the vast majority of membrane proteins, there is no
appropriate ligand that would enable quantitative analysis of
endocytic recycling. Thus, in this study, we performed analysis
of protocols for quantitative assessment of endocytic recycling
based on antibodies as a tool for convenient labeling of
membrane proteins and monitoring their intra-endosomal
itinerary. Antibodies have been used for monitoring of
endosomal recycling in a number of studies using various
approaches and with diverse depth and fidelity of quantitative
assessment (Ghosh et al., 1998; Tanowitz and Zastrow, 2003;
Lin et al., 2004; Park et al., 2004; Scott et al., 2004; Vargas and
Von Zastrow, 2004; Weber et al., 2004; Weigert et al., 2004;
Chen et al., 2005; Jovanovic et al., 2006; Barral et al., 2008;
Millman et al., 2008; Henriques et al., 2010; Ili¢ Tomas et al.,
2010; Mahmutefendi¢ et al., 201 I; Zuo et al., 201 I; Zagorac
etal., 2012; Finetti et al.,, 2014; Hsu et al., 2015; Reineke et al.,
2015). In this report, we demonstrate that antibody-based
assays may be used for quantitative assessment of both clathrin-
dependent and clathrin-independent membrane proteins, with
the introduction of several upgrades that were required to fit
the cellular physiology of endocytic trafficking and the inclusion
of kinetic modeling. Thus, our study contributes to the
development of experimental settings needed for further
expansion of endocytic recycling research.

First, the antibody-based protocols for monitoring of
endocytic recycling should consider the nature of the endocytic
uptake of a membrane protein. It has been accepted that the
constitutive endocytic uptake occurs by clathrin-coated pits
and by a clathrin-independent mechanism (reviewed by Mayor
and Pagano, 2007; Maldonado-Baez et al., 2013). Although
several membrane proteins were taken into studies, still there
is no clear distinction between clathrin-dependent and clathrin-
independent membrane cargo proteins (Maldonado-Baez et al.,
2013). Recent evidence indicates that at least 95% of cellular
endocytic uptake is based on clathrin-coated pits (Bitsikas etal.,

1



12

BLAGOJEVIC ZAGORAC ET AL

A

60 min internalization

w

60 min recycling

& 60 5 _Tf_ MHC-I 100
MHC-I MHCH S ‘ 3
= ©
— 40 3 50
g o
c 20 X
' S iﬁ 0
P 0 o & & ¢
— — NN @‘3‘
60 min internalization 60 min recycling =15 TR MHC-I 100
MHC-I MHC-I S 3
x ©°
=10 & 50
8 o
— c 5 X
§ 0 Ve o
O Q0 S
_ — NPT N

Fig. 8. Quantification of recycling of Clathrin-dependent and clathrin-independent cargo proteins by immunofluorescence assay within the
same cell. (A) Simultaneous recycling of mAb-labeled MHC-I and AF*%8_-Tf labeled TfR. HeLa cells were 60 min incubated with W6/32 mAbs
and AF*®.Tf at 37°C (internalization). After brief acid wash, cells were incubated with AF***-anti-mouse IgG,, for 60 min (recycling) and

processed for confocal analysis without permeabilization. Recycling of TfR was quantified as loss of green fluorescence and recycling of MHC-I

proteins as the accumulation of red fluorescence within the same cell. Stacked confocal images were quantified by Image ] software.

(B) Quantification of recycling based on the immunofluorescence imaging. Data represent the mean value £ S.D. Kinetics of recycling of TfR
and fMHC-I obtained by the immunofluorescence assay described above. (C) Simultaneous recycling of mAb-labeled MHC-I and TfR on
J26-Cwé cells. Internalized TfRs and fMHC-I were labeled with specific mAbs for 60 min at 37°C, un-internalized mAbs acid stripped and cells
incubated with AF*®®.anti-rat IgG and AF***-anti-mouse IgG,, for 60 min at 37°C. (D) Quantification of recycling of mAb-labeled TfRs and
fMHC-I proteins by immunofluorescence and image analysis. Both TfR and MHC-I recycling was quantified on confocal images as the
accumulation of green (TfR) and red (MHC-I) fluorescence within the same cell. Stacked confocal images were quantified by Image ] software.

TCCEF, total corrected cell fluorescence.

2014) and that different cell surface proteins can be sorted into
distinct clathrin-coated pits (Puthenveedu and von Zastrow,
2005; Mundell et al., 2006; Mettlen et al., 2010). Thus, it appears
that membrane proteins cannot be put into two categories but
rather classified into wider spectrum regarding engagement of
endocytic machinery and thereby kinetics of the endocytic
uptake. Therefore, intracellular itinerary after endocytic
uptake, irrespective of the composition of the pits, will
determine the cell surface presence and intracellular routing of
amembrane protein. For the purpose of this study, we analyzed
two proteins that span opposite strands of this spectrum, the
TfR as a paradigm for clathrin-dependent protein and MHC-I
proteins as a paradigm for clathrin-independent protein.

The constitutive uptake of clathrin-dependent membrane
proteins is rather fast and thereby they do not spend much time
at the cell surface (Hao and Maxfield, 2000; McMahon and
Boucrot, 201 I). The best example of such protein is the TfR,
which is a basic molecule used by now to construct the
knowledge about recycling pathways. To study recycling of
such proteins, it is essential to have a tool that can catch those
that reappear at the cell surface. We demonstrated that
antibody-based protocols could be used for quantification of
recycling of clathrin-dependent cargo proteins. Hover,
protocols based on direct (protocol A) and indirect (protocol
B) detection of recycled proteins at the cell surface are not
suitable for clathrin-dependent proteins since recycled
proteins are rapidly reinternalized which do not allow
quantitative assessment of recycling. On the contrary, protocol
C, which is based on capturing of mAb-labeled recycled
clathrin-dependent proteins while reappearing at the cell
surface at 37°C, irrespective whether they will remain at the
cell surface or will be re-internalized after one round of
recycling, enable assessment of the recycling rate and
dissection of recycling. This protocol can directly measure the
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recycling fraction when AF*®_conjugated secondary reagents
are used since AF*® have stable emission in the acidic
environment (Kreft et al., 2007) and does not undergo
degradation. However, when FITC-conjugated secondary
reagents are used, the protocol should be upgraded either with
the introduction of inhibitors of endosomal acidification and
de§radation or by kinetic modeling because recycled

2"“Ab: 1**Ab:protein complexes are rapidly reinternalized into
acidic endosomes (LE/lysosomes), which reduces FITC
emission (Lanz et al., 1997), and degraded.

In this study, we did not test protocol D on TfR model.
However, based on the data with fMHC-I proteins we can
conclude that this protocol can also be suitable for quantitative
assessment of recycling of clathrin-dependent proteins that do
not have useful ligand tool as TfRs. In contrast to many
published papers with TfR labeling with the ligand (van Dam and
Stoorvogel, 2002; Jovic et al., 2014; Rahbek-Clemmensen et al.,
2014; Hsu et al., 2015) which has many limitations in studying
the route of recycling receptors, recently SS-biotin approach
was used to label TfR and to quantify recycled receptors
(Margadant et al., 2012; Majeed et al.,, 2014). However,
antibodies were rarely used (Finetti et al., 2014).

Although clathrin-independent proteins spend much more
time at the cell surface than clathrin-dependent proteins, our
study demonstrates that direct (protocol A) or indirect
(protocol B) identification of mAb-bound recycled receptors at
the cell surface are less suitable for these proteins and
underestimate the recycling fraction, although used in several
studies (Barral et al., 2008; Zuo et al., 201 I). An explanation for
this may be reinternalization of recycled clathrin-independent
proteins and their redistribution inside the cell, especially in the
rapidly recycling pre-EE circuit. Additionally, the indirect
quantification (protocol B) overestimates recycling and
discovers recycling of non-recycling proteins (eMHC-I) when
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degradation is not considered. Although this protocol was used
for characterization of the earliest studies of postendocytic
transport of MHC-| proteins (Weigert et al., 2004; Jovanovic
et al., 2006) they should be used with the modification that
includes degradation fraction of proteins. On the contrary, the
antlbody-capture protocols (protocols C and D), based either
on the 2"Ab capture of, | **Ab-labeled re cycling protein
(protocols C) or anti-AF*® capture of AF*®-|*Ab-labeled
recycling proteins and fluorescence quenching (protocols D),
enable quantitative detection of recycling rate and fraction of
clathrin-independent proteins. The protocol C has been used
for estimation of recycling of MHC-I proteins (lli¢ Tomas et al.,
2010; Mahmutefendi¢ et al., 201 |; Zagorac et al., 2012),
chemokine receptor D6 (Weber et al., 2004), and NMDA
receptors (Scott et al., 2004).

In addition to the endocytic uptake, the antibody-capture
based protocols should be sufficiently sensitive to reveal
recycling rate and recycling fraction. Our study demonstrates
that antibody-capture protocols of endosomal recycling, which
detect the gain (protocol C) or loss (protocol D) of
fluorescence determine the recycling rate. However, regarding
the recycling fraction, the both protocols should consider the
degradation of captured antibody complexes Our analysis
indicates that free mAb-proteins and 2"*Ab-captured
complexes do not follow the same route. FITC-2"%Ab-
captured complexes were rapidly reinternalized into
endosomes distinct from that loaded with mAb-proteins (data
not shown) and reach LEs/lysosomes within 15 min (Fig. 5A)
and undergo degradation. This route is not well characterized,
but may be used for molecular targeting of bioactive molecules
to lysosomes and navigating therapeutic application (Moody
et al, 2015). We have demonstrated that the problem of
degradation of the FITC-2"YAb complexes can be overcome by
kinetic modeling or by the introduction of inhibitors of
lysosomal degradation into recycling protocol.

Our study suggests that the recycling assay based on
quenchlng of the fluorescence (protocol D) may be as good asa
2"Ab-capture protocol for analysis of recycling routes of both
clathrin-dependent and clathrin-independent proteins.
However, this protocol requn’es high-quality primary antibody
reagents conjugated with AF*®. A major advantage of
the recycling assay based on the capture with fluorescent
2"Ab reagents and the gain of fluorescence (protocol C) is the
simplicity (not too many steps that may affect results) and
opportunity for quantification using flow cytometry or
immunofluorescence without permeabilization.

A concern for the Ab-capture protocols may be the time
required for binding of fluorescent 2"Ab to recycled
mAb-protein complexes and some recycled complex that
re-internalize rapidly that 2"Ab does not have enough time to
bind may escape detection. Although this option cannot be
excluded, it is not very likely to contribute significantly since in
our hands and with the combination of primary and secondary
antibodies used in our studies, approx. 80-90% was bound
within | min at 37°C.

Our study also confirms the previous observation that TfR
and MHC-I proteins are sorted in distinct endosomal domains
or even subsets. Almost all endocytosed TfRs load the recycling
early endosomal domain and are returned to the cell surface,
whereas a significant fraction of MHC-I proteins is directed into
late endosomes. Thus, it appears that there is a mechanism or
biophysical property of early endosomes that allows only a
fraction of internalized MHC-I proteins to entry into the
recycling domain, from which they are rapidly returned to the
plasma membrane. Growing evidence challenge the traditional
concept of early endosomes as stable sorting station (Mellman
et al., 1986; Zerial and McBride, 2001) and indicate that early
endosomes are functionally heterogeneous and composed of
distinct membrane sub-domains within an individual organelle
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(Sonnichsen et al., 2000; Lakadamyali et al., 2006). Therefore,
to study mechanisms of recycling it is also important to analyze
conditions within the same cells. Inmunofluorescence-based
protocols, which demonstrate two proteins within the same
cell, thus, may be a choice.

Altogether, our study demonstrate that recycling protocols
based on labeling of membrane proteins with specific
antibodies and capture with antibodies in the second step
(protocol C and D) may be used for quantification of the
recycling rate and for studies that are focused on the analysis of
recycling mechanisms based on the analysis of the recycling
rate.
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