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ABSTRACT: Riboflavin (RF, vitamin B2), an essential micronutrient central to cellular metabolism through
formation of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) cofactors, is internalized,
at least in part, via a proposed receptor-mediated endocytic (RME) process. The purpose of this study
was to delineate the cellular RF distribution using human placental trophoblasts and evaluate the regulatory
role of cAMP in this process. Subcellular fractionation and three-dimensional confocal microscopy analyses
were carried out to define the RF accumulation profile. Biochemical assays evaluating the cAMP
dependence of this pathway were also performed. This study records an intracellular RF distribution pattern
that shows dynamic accumulation of the ligand predominantly in the endosomal and lysosomal
compartments and to a lesser extent in the Golgi and mitochondria. In contrast, transferrin (TF) colocalizes
rapidly within endosomes with minimal accumulation in the other organelles. The temporal and spatial
distribution of RF and TF colocalized with unique markers of the endocytic machinery provides added
morphological evidence in support of the RME process with ultimate translocation to the mitochondrial
domain. Colocalized staining with the Golgi also suggests a possible recycling or exocytic mechanism
for this ligand. Furthermore, this study demonstrates cAMP regulation of the putative ligand-bound RF
receptor and its association into endocytic vesicles. Delineating the dynamics of the process governing
cellular RF homeostasis presents an untapped resource that can be further exploited in improving our
current understanding of nutritional biology and fetal growth and development, and perhaps in targeting
the endogenous system for developing novel therapeutic approaches.

Dietary intake of free riboflavin (vitamin B2, RF)1 or
release from the coenzyme forms, flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD), determines
the nutritional status of this essential nutrient in humans.
Physiological deficiency of RF accounts for clinical mani-
festations of growth retardation, anemia, cardiovascular
disease, and neurodegenerative disorders (1, 2). Despite the
critical role of flavin analogues in normal cellular metabolic
processes, little is known about the mechanism and regulation
of the vitamin B2 absorptive process. Investigative ap-

proaches based on biochemical characterization and two-
dimensional fluorescence microscopy have identified a
putative receptor-mediated component to be responsible, at
least in part, for RF uptake in human enterocytes and
trophoblasts. High ligand binding affinity (nanomolar range),
temperature and ion dependence, and a saturable process that
can be inhibited by structurally related ligands are the salient
features that describe this system (3-5). Analogous to iron
recruitment and absorption, the proposed RF entry mecha-
nism involves initial recognition by specific binding proteins
that chaperone the hydrophilic ligand across membrane
barriers within vesicles (6). However, the identity of these
proteins and other components that facilitate the absorption
of this essential nutrient remains elusive. Consequently,
elucidating the driving mechanisms that contribute to the
cellular homeostasis of this vitamin has generated consider-
able interest from the standpoint of nutritional biology and
fetal growth and development, with potential application in
targeted drug design and delivery (7, 8).

Internalization of extracellular nutrients in eukaryotes via
receptor-mediated endocytosis employs complex cell ma-
chinery in a sequential and regulated manner. The coexist-
ence of abundant intracellular structural and signaling
networks offers several possibilities for receptor-associated
ligands. Most water-soluble vitamins are fated to metabolic
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trapping, a term that describes enzymatic processing of the
molecule to forms that are spatially restricted within the cell
(9). However, alternative translocation routes, including late
endosomal or lysosomal degradation, membrane recycling,
or even transcytosis (in polarized epithelial systems), remain
a distinct possibility (10). Such receptor-ligand interactions
also occur under extensive cellular regulation either via an
intrinsic mechanism such as kinase or phosphatase activity
or via generation of signaling cascades that include second-
messenger regulation of integrated pathways (11, 12). Huang
and colleagues (4) have demonstrated that the RF internal-
ization process is affected by modulation of the cyclic
nucleotide second messengers, cAMP and cGMP, as well
as by protein kinase A, protein kinase G, and calcium-
calmodulin pathways.

The objective of this study was to evaluate the fate of
internalized RF over time by following its intracellular
sorting using the human placental trophoblast cell line, BeWo
(13), and to define the regulatory role of cyclic AMP in this
process. The enhanced nutritional requirements of the fetus
(14-17) and the presence of a high-affinity RF system (4)
justify the use of the selected model that was compared with
another human polarized epithelial system, Caco-2 cells with
nanomolar affinity for RF (3). Time- and concentration-
dependent fractionation analyses of the localized ligand in
endosomes, lysosomes, Golgi, and mitochondria were com-
pared with confocal laser scanning microscopy studies
examining time-lapse three-dimensional (3D) colocalization
between internalized rhodamine-labeled RF (Rd-RF) (18,
19) and immunolabeled organelles. Trafficking profiles for
RF were compared with those determined for transferrin
(TF), a receptor-mediated endocytic marker (20-22), and
for taurocholic acid (TCA) that does not follow a vesicular
pathway (23, 24). In addition, cyclic AMP assays were
included to determine regulation of the downstream events
of cellular RF translocation upon its binding to the proposed
RF receptor. Overall, the study for the first time shows that
RF, like TF, accumulates mainly within endosomes but
differs from TF in the extent of lysosomal distribution. This
study also suggests a possible recycling mechanism that
contributes to RF homeostasis and regulation via the cAMP
signaling pathway in the trophoblast model.

EXPERIMENTAL PROCEDURES

Cell Culture.The BeWo and Caco-2 cells were obtained
from American Type Culture Collection (Manassas, VA) and
routinely maintained in a controlled atmosphere at 37°C,
under 5% CO2. BeWo (passage numbers 206-221) and
Caco-2 (passage numbers 30-48) cells were routinely
cultured in F-12K and DMEM medium, respectively (Invit-
rogen Life Technologies, Carlsbad, CA) supplemented with
10% fetal bovine serum, 1% nonessential amino acids, 100
units/mL penicillin, and 100µg/mL streptomycin. Cells were
seeded in 150 mm culture dishes at a density of 3× 104

cells/cm2 and were used 5-7 days postseeding for fraction-
ation studies.

Labeling of Transferrin.Holotransferrin was labeled with
Na125I (∼5 µCi/µg; Amersham Biosciences, Piscataway, NJ)
using the IODOGEN method (Pierce Biotechnology, Inc.,
Rockford, IL). Iodinated protein was desalted by gel filtration
using Micro-Bio-Spin columns (Bio-Rad Laboratories,

Hercules, CA), and the extent of125I incorporation was
determined by gel electrophoresis and autoradiography. The
specific activity of the [125I]transferrin was∼ 400 cpm/pmol.

Ligand Uptake and Subcellular Fractionation.Cell mono-
layers were treated with 10 nM [3H]riboflavin (Sigma, St.
Louis, MO) and 10 nM [125I]transferrin in Hanks’ Balanced
Salt Solution (HBSS, pH 7.4) containing 25 mM glucose
and 10 mM HEPES at 37°C for 2 h. After incubation, cells
were washed thoroughly with ice-cold Dulbecco’s phosphate-
buffered saline (DPBS) containing Ca2+ and Mg2+ (pH 3.0)
to remove plasma membrane-associated ligands. Cells were
then pooled in homogenization buffer containing 0.25 M
sucrose, 10 mM Tris-HCl (pH 7.5), and protease inhibitors
(Complete Mini, Roche) and allowed to swell for 15 min
prior to being lysed through a 25G5/8 hypodermic needle
monitored by phase-contrast microscopy. The cell homoge-
nate was centrifuged at 600g for 5 min at 4°C to yield a
nuclear pellet (N) and postnuclear supernatant (PoN). The
total protein content of each fraction was measured using
the Bradford assay (Bio-Rad Laboratories).

Endosomes, lysosomes, Golgi, and mitochondria were
isolated by loading the PoN fraction on a discontinuous
sucrose gradient (from 0.8 to 2.0 M) and subjected to
centrifugation at 205000g for 2 h at 4°C using a SW 55Ti
rotor (Beckmann Coulter, Inc., Fullerton, CA). The gradient
was top-fractionated into 350µL aliquots. Accumulation of
radiolabeled ligands in each fraction was assessed by a
quench-curve corrected dual-label (i.e.,3H and 125I) liquid
scintillation counting program (Beckmann Coulter, Inc.) and
normalized to the total protein content determined by the
Bradford assay. Time- and concentration-dependent enrich-
ment of riboflavin and transferrin to these organelles were
assessed by varying incubation times (from 30 min to 2 h)
and ligand concentrations (from 5 to 25 nM), respectively.
Each experiment was run in replicate, but because of the
variability associated with the top fractionation method, the
profiles do not exactly coincide between runs. Hence, as is
typically shown, the fractionation data are a representative
image for the ligand distribution profiles.

Immunoblotting and Data Analysis.Cellular organelles in
the collected fractions were identified by Western blot
analyses using monoclonal antibodies (BD Pharmingen, San
Diego, CA) directed against organelle-specific protein mark-
ers (i.e., Rab5 GTPase and clathrin for early endosomes,
LAMP-1 for lysosomes, GM130 for Golgi, and cytochrome
c for mitochondria). Fractionated proteins were resolved on
7.5 or 18% Tris-HCl gels, transferred to PVDF membranes
(Immun-Blot, Bio-Rad), immunoblotted using peroxidase-
conjugated secondary antibodies, and detected using the ECL
plus system (Amersham Biosciences). Sequentially fraction-
ated samples that were positive for a specific protein marker
were grouped together to represent that particular organelle
population. The subcellular ligand distribution to the indi-
vidual organelle population was expressed as a percentage
of the total ligand content in the PoN fraction. Due to overlap
of marker expression between fractions, the ligand distribu-
tion exceeds 100% but serves as a semiquantitative approach
for identifying the ligand trafficking pathway(s) upon
internalization.

Immunofluorescence and Confocal Microscopy.Cells were
seeded 3-5 days prior (5× 103 cells/cm2) in collagen-coated
BD Falcon culture slides (BD Biosciences, Bedford, MA).
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Following serum starvation, pulse-chase studies with either
500 nM rhodamine-RF (18) or 30 nM FITC-transferrin
conjugate (FITC-TF, Sigma) were carried out as previously
described (19). Cells were then fixed, permeabilized, and
blocked prior to immunolabeling for 2 h atroom temperature
to detect organelle markers (clathrin, Rab5 GTPase, LAMP-
1, GM130, or cytochromec). Cells were washed thoroughly
and probed with either AlexaFluor546- or AlexaFluor405-
labeled sheep anti-mouse IgG (Molecular Probes, Eugene,
OR). Immunofluorescence treatments were preserved using
GelMount (Biomeda Corp., Foster City, CA) and visualized
using a Nikon Eclipse TE2000 E inverted confocal laser
scanning microscope equipped with three fixed lasers, 488,
405, and 543 nm (average of two scans per channel). All
3D confocal images were acquired using the following
parameters on Nikon EZ-C1 acquisition software (Gold
version 2.3, Image Systems, Inc., Columbia, MD): Nikon
Plan Apo 60xA oil objective (1.4 numerical aperture), 6.00
µs scan dwell time, 512× 512 pixel size, 0.25µm z-step,
60 or 150µm detector pinhole, and constant attenuation of
a 488 nm laser using a neutral density filter (ND8). Images
were iteratively deconvolved using a calculated point spread
function for each fluorescent channel and corrected using
intensity thresholds defined by treatment with either rhodamine
or secondary antibodies alone, and by applying a median
filter. All images were then analyzed to define 3D colocalized
regions using Volocity, version 3.6 . The extent of colocal-
ization between fluorescent ligands and AlexaFluor-labeled
organelles was determined by calculating the percent of total
overlapping volume between the two channels compared to
the corresponding total ligand volume. All data were
averaged using three to four regions of colocalized distribu-
tions, and statistical significance was determined using
Pearson’s correlation (25).

Determination of the Extent of Cyclic AMP Accumulation
in BeWo Cells.BeWo cells were seeded for assays aimed at
evaluating the cAMP response to the RF stimulus (2.5×
105 cells/well) and cAMP inhibition assays (1.0× 105 cells/
well), 1 day prior to use in 24-well Biocoat plates (BD
Biosciences). Cells were washed with Earle’s Balanced Salt
Solution (EBSS, pH 7.4) and incubated at 37°C with 10-12

to 10-3 M stimulant for the indicated times in 250µL of
stimulation buffer [20 mM HEPES-buffered F12K (pH 7.4)
containing 30µM Ro-20-1724, a phosphodiesterase inhibitor,
and 200µM sodium metabisulfite, an antioxidant]. Negative
coupling assays were carried out by preincubating cells with
varying RF concentrations for 10 min prior to stimulation
of cells with 1µM forskolin. The reaction was terminated
by discarding the stimulation buffer and adding 200µL of
3% perchloric acid per well. After incubation on ice for 30
min, 80µL of 15% KHCO3 was added to each well, and the
plates were further incubated for 10 min. The plates were
then centrifuged for 10 min at 1300g. Subsequently, 50µL
of the supernatant from each well was transferred to 250µL
of reaction mixture (150µL of Tris-EDTA buffer, 50µL of
cAMP-binding protein, and 50µL of [ 3H]cAMP) and
incubated at 4°C overnight. On the following day, 250µL
of charcoal/dextran mix (1%) was added to each sample
followed by incubation at 4°C for 15 min and then
centrifugation for 15 min at 1300g. Radioactivity in the
supernatant from each tube was quantified by liquid scintil-
lation counting. Cyclic AMP concentrations were calculated

using a standard curve according to the protocol of the assay
kit (Diagnostic Products Corp., Los Angeles, CA).

RESULTS

Isolation of Organelle-Enriched Fractions.Cell homoge-
nates following ligand exposure were centrifuged to separate
the denser membrane fragments and nuclei from the lower-
density organelles. Separation of nuclei was confirmed by
DAPI staining (Molecular Probes). Another polarized epi-
thelial system, the human intestinal Caco-2 cell line, which
also exhibits nanomolar affinity for RF (3), was used in
parallel. The total intracellular content of riboflavin that
accumulated within the fractionated compartments was
compared with that of transferrin and taurocholic acid, taken
to be positive and negative controls for the receptor-mediated
endocytic process, respectively. As expected, the BeWo- and
Caco-2-associated profiles for TF when expressed as the
percent of total dose revealed substantial ligand accumulation
(28-48%) independent of cell line. Likewise, the riboflavin
load in the fractions wasg8%, but TCA exhibited poor
accumulation, at least in BeWo cells (Figure 1). Such distinct
distribution profiles for RF, TF, and TCA in cells from
different tissue origins provide validation of the isolation
procedure. However, the reduced level of accumulation of
the negative marker for endocytosis (TCA) and prior
evidence of a higher-affinity RF transport system (nearly 10-
fold difference) in the BeWo cell line justifies its selection
over the Caco-2 model for subsequent ligand distribution
analyses.

The protein content of the nuclear fractions was signifi-
cantly higher (∼5 times) than that for postnuclear fractions
that had protein yields varying between 2.3 and 4.95 mg/
mL. However, the protein load per gradient was kept
constant. The identity of the fractionated gradient was
determined by Western blot analyses for organelle-specific
markers. Clathrin heavy chain (180 kDa), a protein compo-
nent of the endocytic vesicle coat (26), and Rab5 GTPase
(25 kDa), a GTP-binding protein, associated with early
endosomes (27), were detected mainly in fractions 1-7
isolated from BeWo cells (Figure 2B,C). Likewise, Caco-2
cells upon subcellular fraction analysis showed a similar
distribution of clathrin, but Rab5 GTPase was restricted to
fractions 1 and 2 (data not shown). Lysosome-associated

FIGURE 1: Comparative cell-associated profiles of [3H]riboflavin
(10 nM RF) with the endocytic marker [125I]transferrin (10 nM TF)
and an unrelated bile acid transporter substrate, [3H]taurocholic acid
(20 nM TCA), in placental (BeWo) and intestinal (Caco-2) cells.
Ligand content derived from nuclear and postnuclear fractions and
expressed as the percent of total dose revealedg8% RF accumula-
tion (hashed bars), while TF levels (white bars) varied from 48%
in BeWo cells to 28% in Caco-2 cells. The distribution profile of
TCA (black bars) showed negligible accumulation in trophoblasts
vs enterocytes.
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membrane protein (LAMP-1, 110 kDa) (28) indicated the
presence of lysosomes in fractions 3-10 (Figure 2D). Due
to overlap in protein markers between fractions, the or-
ganelles were not exclusive to any given fraction; instead,
pooled fractions were considered enriched for a defined
subcellular population.

Distribution of Internalized RF and TF.To evaluate the
intracellular localization profile of RF after cellular entry,
BeWo cells were loaded for 2 h at 37°C with RF and TF.
The endocytic uptake and processing of TF enabling cellular
iron transfer have been well-documented (20), thereby
supporting its use as a marker with which to contrast the
trafficking pattern(s) of RF. Following incubation with the
ligands, subcellular fractions isolated from trophoblasts by

density gradient centrifugation were measured for radio-
labeled RF and TF by liquid scintillation counting. Sub-
cellular distribution patterns for [3H]RF and [125I]TF mea-
sured in the postnuclear organelle fractions from placental
cells resulted in localized bands of the radiolabels along the
sucrose gradient. RF was detected mainly in the heavier
fractions (fractions 7-12), whereas TF appeared to concen-
trate in the less dense fractions (fractions 2-7) of the gradient
(Figure 2A). Degradation of [125I]TF resulting in loss of label
during the cell homogenization and fractionation process
poses a potential concern. Hence, the integrity of the marker
following processing was verified by autoradiography, which
revealed intact protein at∼83 kDa in all fractions containing

FIGURE 2: Distribution of [3H]riboflavin (RF) and [125I]transferrin
(TF) in the postnuclear fractions isolated from trophoblasts. (A)
Postnuclear fractions isolated from BeWo cells were resolved on
the basis of differential organelle densities using a discontinuous
sucrose gradient, fractionated, and measured for dual radiolabel
accumulation: (9) [3H]RF and (O) [125I]TF. Organelle-enriched
fractions were identified by Western blot analyses using antibodies
directed against endosomal proteins, namely, clathrin (B) and Rab5
GTPase (C), and the lysosomal marker LAMP-1 (D). (E) Intact
radiolabel on TF following homogenization and gradient fraction-
ation was visualized at∼83 kDa by gel electrophoresis and
autoradiographic exposure of the isolated fractions.

FIGURE 3: Time-dependent localization of [3H]RF and [125I]TF
within the separated fractions from BeWo cells. Sucrose density
gradient fraction analysis by Western blotting of organelle-
associated markers [(9) clathrin, (2) Rab5 GTPase, (4) LAMP-1,
(O) GM130, and (b) cytochromec] following exposure to RF (A)
and TF (B) for 30, 60, and 120 min revealed ligand-specific
distribution profiles.

FIGURE 4: Concentration-dependent trafficking profiles of [3H]RF
after incubation for 2 h at 37°C. The level of ligand accumulation
of 5-25 nM RF in endosomes [(9) clathrin and (2) Rab5 GTPase],
lysosomes [(4) LAMP-1], Golgi [(O) GM130], and mitochondria
[(b) cytochromec] increased in a dose-dependent manner in
placental trophoblasts.
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FIGURE 5: Endosomal and lysosomal colocalization of rhodamine-RF (Rd-RF) and FITC-labeled transferrin (FITC-TF). Rd-RF
or FITC-TF were examined for colocalization with immunostained early endocytic [clathrin (A) and Rab5 GTPase (B)] and lysosomal
[LAMP-1 (C)] protein markers after ligand internalization in BeWo cells for 60 min. Images represent orthogonal 3D profiles with the inset
view defining theX-Yplane, and the outer panels reveal theY-Z (right narrow panel) andX-Z (top narrow panel) focal planes. Fluorescence
signals for each channel were merged to reveal regions of colocalization (indicated by arrows and yellow regions) and overlaid with the
corresponding differential interference contrast (DIC) image to define cell morphology (far right inset view). Both Rd-RF and FITC-TF
exhibited distinct colocalization with early endosome markers for clathrin and Rab5 GTPase. In contrast to FITC-TF, Rd-RF exhibited
an extensive colocalized signal with LAMP-1. The nucleus is represented by N. Scale bars (micrometers) are defined in the merged inset
views.
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transferrin (Figure 2E). Consequently, the organelle isolation
process did not interfere with the compartmentalization and
detection of TF.

Labeling of BeWo cells with 10 nM RF and 10 nM TF
resulted in a differential rate of ligand buildup. At the end
of 2 h, RF exhibited a slower rate of internalization [i.e.,
22.1-33.6 pmol (mg of protein)-1 h-1] than TF that
accounted for almost one-third to one-half of the administered
dose [i.e., 71.5-119.7 pmol (mg of protein)-1 h-1]. Quan-
titative ligand distribution at 2 h associated with the
organelle-enriched fractions as determined from marker
protein evaluation showed∼38-50% of postnuclear RF
content in the endosomes in BeWo cells (Figure 3A), whereas
endosomal fractions from Caco-2 cells accounted for∼7-
13% of the same ligand (data not shown). Like RF, TF also
exhibited increased signal intensities in the endosomal
regions (g95%) in BeWo cells at 2 h (Figure 3B), which is
in accordance with previous reports showing TF accumula-
tion within an acidic nonlysosomal compartment (29-31).
Although the extent of lysosomal accumulation of TF in
Caco-2 cells was significantly lower than the endosomal
levels, RF was distributed in equivalent amounts between
the two endocytic organelles (data not shown).

Ligand-specific differences were detected in their time-
dependent endosomal and lysosomal accrual. In BeWo cells,
RF localization in endosomes (∼45%) and lysosomes
(∼10%) within 30 min occurs less rapidly than TF endocy-
tosis (Figure 3A,B). The level of endosomal and lysosomal
accumulation of RF reached a maximum at the end of 1 h
(Figure 3A) and declined by 30-35% after 2 h. In contrast,
the endosomal and lysosomal content of TF in BeWo cells
increased over time with maximal deposition in the endo-
somes at 2 h (Figure 3B). Caco-2 cells, on the other hand,
demonstrate a more rapid RF internalization process with
maximum vesicular localization at 30 min that declines over
2 h (data not shown). Conversely, the level of TF cargo
within the endosomal fractions of Caco-2 cells increases
while lysosomal levels decrease over the 2 h period (data
not shown). Differences in ligand accumulation profiles over
time suggest differential requirements for vitamin B2 or iron
that are met via multiple and simultaneous mechanisms in a
cell-specific manner. Furthermore, evaluation of the con-
centration-dependent accumulation of RF (5-25 nM) in
BeWo cells revealed a dose-dependent increase in the
vesicular buildup of the ligand (Figure 4), thus confirming
active uptake via the endocytic machinery.

Colocalization of RF with Endocytic Organelles.The
cellular distribution of internalized RF was further examined
using a characterized rhodamine-labeled riboflavin conjugate
(Rd-RF) that exhibits affinity characteristics similar to those
of the natural vitamin (19). Since maximal accrual of RF
within endocytic organelles in BeWo cells occurred after 60
min, all fluorescence-based studies were performed using
this uptake period. Internalized Rd-RF or FITC-TF was
examined for colocalized signals with AlexaFluor405- or
AlexaFluor546-labeled proteins for endosomes (clathrin or
Rab5) and lysosomes (LAMP-1) using confocal laser scan-
ning microscopy. Signal intensities specific to Rd-RF were
normalized to cells treated with equimolar amounts of
a nonreactive rhodamine analogue, carboxytetramethyl-
rhodamine-4-amine (CTMR4A) (18). In all cases, the signal-
to-noise ratio for CTMR4A was significantly lower than that

for Rd-RF, and in contrast to those of Rd-RF, staining
patterns were routinely diffuse (data not shown). Like FITC-
TF, internalized Rd-RF resulted in distinct punctate, peri-
nuclear staining and colocalization with both clathrin and
Rab5 GTPase (Figure 5A,B). In contrast to FITC-TF, Rd-
RF also exhibited partial colocalization with the lysosomal
marker, LAMP-1 (Figure 5C).

A quantitative assessment of the extent of colocalization
between ligands and endocytic markers revealed maximal
signal overlap with Rab5 GTPase for both Rd-RF (64%)
and FITC-TF (45%) (Figure 6A,B). Compared to the 60
min fractionation data in Figure 3, the total RF distribution
to this endosome population (∼70%) is strikingly similar to
that seen with Rd-RF. However, the extent of FITC-TF
colocalization with Rab5-positive endosomes was nearly
2-fold lower compared to that defined in the fractionation
results. This disparity may be attributed to the presence of a
heterogeneous subpopulation of endosomes that are Rab5-
negative but TF-positive, an incidence that cannot be detected
by subcellular fractionation due to the fractional overlap.
Rd-RF also revealed∼51% colocalization with clathrin,
whereas FITC-TF exhibited only 8% overlapping signal
with this early endosome protein. The Pearson’s correlation
(PC), a common statistical test for shape similarities exhibited
between colocalized fluorescent channels, was used to further
define linear relationships existing between ligands and
organelle markers. Values>0.0 were defined as having a
positive linear relationship between variables (25). Interest-

FIGURE 6: Quantitative evaluation of the 3D colocalized regions
of RF and TF with organelle protein markers. Overlapping, i.e.,
colocalized, volumes (cubic centimeters) for either Rd-RF (A) or
FITC-TF (B) with organelle channels were expressed as a
percentage of the total volume for Rd-RF or FITC-TF. Pearson’s
correlation (PC) was chosen to define the similarity of 3D shapes
between ligands and overlapping channels with organelle markers.
Data are expressed as the mean( the standard error of the mean
for three to four regions of interest. All values were greater than
0.0 and, thus, revealed a positive correlation for pattern recognition
between channels.
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ingly, both ligands revealed positive correlations with all
organelle-associated proteins (Figure 6). Consistent for both
Rd-RF and FITC-TF, the relative levels of colocalization
(14 and 6%, respectively) with the lysosome protein,
LAMP-1 (Figure 6), were markedly lower than those
determined for each ligand enriched to endosomes. Although
both ligands revealed colocalization with LAMP-1, the
overall enrichment with lysosomes is suggested to be
minimal. Collectively, these results indicate significant ligand
recruitment for both RF and TF to early or sorting endosomes
via plasma membrane-associated clathrin and/or Rab5-

positive vesicles (27, 32, 33). In contrast to TF, the
internalized RF demonstrates greater lysosomal accumula-
tion. RF that bypasses lysosomal degradation is likely to be
sorted to recycling endosomes, similar to apotransferrin
which undergoes exocytosis at the plasma membrane (34).

Golgi and Mitochondrial InVolVement in the RF Itinerary.
Intracellular enrichment of RF to the Golgi and mitochondria
in comparison with that for TF was also examined in the
isolated subcellular fractions. GM130 (130 kDa), a structural
marker of the Golgi apparatus (35) was identified in
postnuclear fractions 4-6 (Figure 7A), while nuclear frac-

FIGURE 7: Translocation of [3H]RF and [125I]TF to the Golgi and mitochondria in BeWo cells. Postnuclear fractions collected after
internalization of [3H]RF and [125I]TF in BeWo cells for 2 h were immunoblotted for Golgi [GM130 (A)] and mitochondria [cytochrome
c (C)]. Confocal 3D images of either Rd-RF or FITC-TF after internalization in BeWo cells for 60 min were analyzed for colocalization
(arrows and yellow regions) with Golgi (B) and mitochondria (D). Confocal images are defined by orthogonal profiles as described in the
legend of Figure 5, and fluorescent signals were merged with DIC images (right columns in panels B and D). Scale bars represent 10µm,
and nuclei (N) are defined in DIC images.
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tions 11 and 12 tested positive for cytochromec (15 kDa),
an integral component of the mitochondrial respiratory chain
(36) (Figure 7C). The steady-state distribution (2 h) showed
6-8% of RF (Figure 3A) and 30-37% of TF (Figure 3B)
distributed to the Golgi. Interestingly, mitochondrial localiza-
tion of RF in BeWo cells peaked at 30 min and declined
over 2 h (Figure 3A), while the amount of RF confined to
the mitochondria increased over time in Caco-2 cells (data
not shown). Despite this divergent accumulation profile in
the two cell models, the maximal mitochondrial RF content
was no greater than 30% of the postnuclear load, whereas
TF levels associated with the mitochondria were negligible
in comparison (Figure 3B).

To further corroborate the Golgi and mitochondrial fate
of RF, 3D colocalization of Rd-RF and FITC-TF by
confocal microscopy together with the same organelle
markers (i.e., GM130 and cytochromec) was assessed. Both
ligands were shown to colocalize to some degree with these
organelle markers (Figure 7B,D). As noted with the endocytic
proteins, Rd-RF and FITC-TF resulted in punctate and
perinuclear colocalization with GM130 and cytochromec.
Image analyses for both ligands revealed a positive Pearson’s
correlation with GM130 and cytochromec, thus further
suggesting the involvement of these organelles in RF and
TF trafficking. Rd-RF exhibited a higher degree of co-
localization (∼34%) with GM130 (Figure 6A) that was
approximately 2-fold higher than that determined for FITC-
TF (Figure 6B). FITC-TF also revealed the smallest amount
of colocalization (∼8%) with the mitochondrial marker,
cytochromec (Figure 6B). In contrast, Rd-RF revealed
greater than 3-fold higher overlap (∼26%) with cytochrome
c (Figure 6A). On the basis of the current understanding of
RF physiology and the role of its cofactors, FMN and FAD,
in metabolic functioning of the cell, the distribution to the
mitochondria appears to be consistent.

cAMP Regulation of RF Binding and Initiation of the
Endocytic Cascade.Cyclic AMP is unequivocally a major
short-term regulator that regulates autologous or heterologous
receptor-mediated endocytic internalization (37). Previous
reports have shown that increased levels of cAMP elicited
by forskolin, Br-cAMP, and 3-isobutyl-1-methylxanthine
(IBMX) have resulted in a dramatic reduction in the rate of
RF uptake in BeWo cells (4, 5). In the study presented here,
the role of cAMP was evaluated at the principal step of ligand
recognition and binding by the RF-specific plasma membrane-
associated receptors. BeWo cells stimulated with increasing
concentrations of forskolin resulted in a robust cAMP
response with an EC50 of 1.5µM (0.99-1.9) and aBmax value
of 125( 2.2 pmol of cAMP/250 000 cells, while treatment
with riboflavin up to 10-4 M failed to stimulate any cAMP
accumulation (Figure 8A). Interestingly, pretreatment of
BeWo cells with increasing concentrations of RF for merely
10 min prior to stimulation with 1µM forskolin in the
continued presence of RF resulted in a weakened cAMP
response (Figure 8B). The maximum inhibition was∼67%
of control with a reported IC50 value of ∼0.4 µM. This
indicates that RF bound to the putative RF receptor is
negatively coupled to cAMP and suggests that stimulated
cAMP production consequently results in a decreased rate
of uptake via clathrin-coated pits.

DISCUSSION

Our laboratory has recently demonstrated that intestinal
and placental entry of vitamin B2 into the cell occurs via a
putative receptor-mediated endocytic process (3, 4, 19). This
RF-specific endocytic pathway is still in its nascent stage of
identification and has warranted investigative pursuits to
clearly define its translocation pathway within the cell. In
this study, we delineate the trafficking route of RF upon
internalization that consequently contributes to the mainte-
nance of vitamin homeostasis. In addition, we report second-
messenger regulation of the ligand absorption into placental
trophoblasts that suggests interaction of other extrinsic
pathways in response to the ligand stimulus.

The approach that was employed followed a conventional
fractionation analysis of intracellular compartments that are
integral to the “classical” clathrin-dependent endocytic
machinery. The BeWo cell line exhibited distinctive ac-
cumulations for RF and TF within the endocytic system but
negligible levels for a nonendocytic marker TCA, which is
routinely transported by placental bile acid transporters (38).
Sucrose density gradient-resolved endosomal and lysosomal
fractions defined by widely used organelle markers (clathrin,
Rab5 GTPase, and LAMP-1) showed extensive labeling for
RF and TF within the endosomes. Selective enrichment of
the endosomes over lysosomes for both ligands was in
accordance with previously determined trafficking profiles
for TF (29-31) and confirmed the efficiency of the

FIGURE 8: Cyclic AMP regulation of the RF internalization process.
(A) Determination of cAMP accumulation in BeWo cells after
stimulation with riboflavin or forskolin. BeWo cells cultured as
described in Experimental Procedures were stimulated via incuba-
tion with the indicated concentration of either forskolin (9) for 10
min or riboflavin (O) for 40 min. Data give a representative curve
from three independent experiments showing similar results. (B)
Inhibitory effects of riboflavin on forskolin-stimulated cAMP
accumulation. BeWo cells were washed and then incubated with
the indicated concentrations of riboflavin dissolved in HF12K (20
mM HEPES-buffered F12K at pH 7.4 and 37°C). After 10 min,
HF12K was removed and cells were stimulated with 1µM forskolin
in the continued presence of riboflavin. cAMP accumulation was
then assessed as described in Experimental Procedures. The dashed
line indicates 1µM forskolin stimulated accumulation in the absence
of riboflavin. Results are expressed as the mean( the standard
deviation (n ) 5).
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fractionation method. The method also provided insight into
the possible fate of RF following internalization. Biochemical
association with the mitochondrial compartment is expected
since FMN and FAD play a pivotal role in the electron
transport chain (39), generating the metabolic energy required
for other cellular functions.

Trophoblasts exhibited comparatively higher uptake levels
for TF than RF. This may be attributed to the differential
nutritional needs of the cell for iron and vitamin B2. van der
Ende and colleagues (40) have demonstrated that the
augmented process of iron transfer and metabolism in the
developing fetus is efficiently mediated by the transplacental
TF system. Likewise, gestational needs of RF are also
increased (2), and a subsequent increase in the RF supply
would be expected. Further, a time-associated increase in
ligand buildup was observed for RF and TF within the
endocytic compartments. The endocytic process entails rapid
internalization of recognized ligands; consequently, evalu-
ation of time points shorter than 30 min is currently underway
using real-time confocal microscopy. Nevertheless, this
method provides an informative overview of the trafficking
itinerary of RF via the endocytic route. The kinetic distribu-
tion of 5-25 nM RF expectedly showed an increased level
of accumulation within the organelles examined with the
exception of mitochondrial compartments. Clearly, the
changing distribution patterns of RF within the mitochondria
suggest a tightly regulated feedback mechanism that controls
the trafficking route of the molecule, which in turn maintains
a homeostatic check on the cellular RF content. It is very
likely that the increased level of RF accumulation over time
provides the impetus for rapidly converting RF to the flavin
intermediates that cycle through the metabolic pathway. This
dynamic change in compartmentalized RF presents a chal-
lenging scenario of putative RF sensors, receptors, and other
regulators that must interact to maintain a balanced nutritional
environment.

A limitation of any fractionation method is the potential
overlap between the organelles that have been identified.
Consequently, to further corroborate the intracellular distri-
bution profiles of RF, a minimally invasive labeling approach
examining the colocalization of fluorescently labeled ligands
with immunostained organelle markers was utilized. The
pattern of rhodamine-conjugated riboflavin, a derivative of
the natural ligand previously characterized in our laboratory
(18) that retains affinity for the RF transport system, was
compared with the staining patterns of FITC-TF. Rd-RF
convincingly localized within the endosomes, lysosomes,
Golgi, and mitochondria, whereas FITC-TF was confined
predominantly to the endosomes. It is not clear at this time
what the significance of localization to the Golgi may signify,
but this may reflect a possible recycling mechanism that
recovers RF and packages it for either storage or exocytosis.
Evidence for Golgi processing of the TF receptor is seen in
myeloma cells and supports the recycling theory of this
receptor that continuously scavenges iron-bound TF (41).
In fact, prior studies reveal two types of recycling pathways,
i.e., a short pathway involving early endosomal fusion with
recycling endosomes that target ligands back to the plasma
membrane and a long pathway that translocates ligands to
the Golgi, at which clathrin initiates vesicular budding from
the trans-most cisternae and eventual shuttling to the plasma
membrane (10, 42, 43). A recycling component specific to

the RF trafficking itinerary has yet to be defined; however,
it would be interesting to delineate whether one or both of
these recycling events are specific to this vitamin. It should
be noted that the possibility of equilibrative changes associ-
ated with time-resolved imaging cannot be ruled out at this
juncture, and identification of such events requires real-time
imaging approaches. However, the intent of this study was
to illustrate the involvement of the endocytic machinery in
the cellular trafficking itinerary of RF.

The presence of a receptor-mediated endocytic component
in the placental internalization of RF then raises several
questions regarding its effectors and regulators that need to
be addressed. Literature reports have established that the
endocytic process in eukaryotes occurs through a highly
ordered process and is driven by signaling events that activate
or inactivate depending upon the stimulus (37). Cyclic AMP
is clearly a pivotal candidate integral to a large number of
signaling cascades and was evaluated as a key regulator of
the RF endocytic process. RF alone did not generate a cAMP
response, but it was responsible for downregulating the
cAMP production upon stimulation with forskolin. This
indicates that the ligand-sequestered RF receptor lowers the
intracellular levels of cAMP prior to its association into
clathrin-coated pits and eventually triggers the subsequent
endocytic events of sorting and translocation. Conversely,
we have already shown that increased stores of intracellular
cAMP significantly inhibit the internalization of RF (4),
thereby indicating an inverse relationship between intra-
cellular cAMP and RF receptor-mediated endocytosis.

In conclusion, fractionation data taken together with the
morphological assessment of cellular RF distribution provide
definitive evidence of endocytic trafficking of RF, at least
in part via a clathrin-dependent pathway, and eventual
translocation to the mitochondria where the role of its
metabolites is well-characterized. In addition, this cellular
absorption mechanism is shown to be sensitive to cAMP
levels, further suggesting the existence of a highly regulated
RF-specific receptor internalization process. Understanding
the characteristics of the RF translocation pathway provides
a novel platform that can be potentially exploited in the
future, analogous to the folate and transferrin receptors in
biomedical imaging (44) and tumor-targeted delivery of
genes or therapeutic conjugates (45-48).
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