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The neonatal Fc receptor (FcRn) is amajor histocompatibility
complex class I-related molecule known to protect IgG and
albumin from catabolism and transport IgG across polarized
epithelial cells in a bidirectional manner. Previous studies have
shown species-specific differences in ligand binding, IgG trans-
port direction, and steady-state membrane distribution when
expressed in polarized epithelial cells. We hypothesized that
these differences may be due to the additional N-glycans ex-
pressed on the rat FcRn, becauseN-glycans have been proposed
to function as apical targeting signals, and that two of theN-gly-
can moieties have been shown to contribute to the IgG binding
of rat FcRn. A panel of mutant human FcRn variants was gener-
ated to resemble the N-glycan expression of rat FcRn in various
combinations and subsequently transfected into Madin-Darby
canine kidney II cells together with human �2-microglobulin.
Mutant human FcRn clones that contained additional N-glycan
side-chain modifications, including that which was fully roden-
tized, still exhibited specificity for human IgG and failed to bind to
mouse IgG. At steady state, the mutant human FcRn with addi-
tional N-glycans redistributed to the apical cell surface similar to
that of rat FcRn. Furthermore, the rodentized human FcRn exhib-
itedareversalof IgGtransportwithpredominant transcytosis from
an apical-to-basolateral direction, which resembled that of the rat
FcRn isoform. These studies show that theN-glycans in FcRn con-
tribute significantly to the steady-statemembranedistributionand
direction of IgG transport in polarized epithelia.

The neonatal Fc receptor (FcRn)2 was originally proposed by
Brambell and colleagues to be the Fc receptor responsible for

transfer of IgG through neonatal rodent intestinal epithelium
and yolk sac of pregnant rabbits more than three decades ago
(1). These functional properties were confirmed to bemediated
by FcRn with the subsequent isolation from neonatal rat intes-
tinal brush borders followed by the cloning of the rat homo-
logue identified as a 50-kDa major histocompatibility complex
class I-related heavy chain in non-covalent association with a
12-kDa subunit consistent with �2-microglogbulin (�2m) (2).
Since that time, the structural and functional properties of
FcRn have been identified for the human, rat, mouse, bushtail
possum, pig, monkey, sheep, cow, and horse isoforms with the
majority of information available from human and rodent
sources (3). In all species identified, a hallmark feature of FcRn
is pH-dependent IgG binding. FcRn binds its ligand IgG at
acidic pH, but not at neutral pH, due to the conserved presence
of basic histidine residues within the CH2-CH3 domain inter-
face of the Fc domain of IgG, which interact with corollary
acidic residues within the �2 and �3 domains of FcRn (4). FcRn
is developmentally regulated especially in rodents where it is
expressed at high levels within the intestinal epithelium during
the first 2weeks of life prior toweaningwhere it functions in the
passive acquisition of IgG from breast milk (5, 6). Despite its
designation as neonatal, FcRn is expressed in many tissues and
cell types beyond neonatal life in most animal species where it
has been identified. FcRn has been detected in numerous types
of polarized epithelia, including those from the intestines, lung,
breast, and kidney, as well as other parenchymal cells, including
hepatocytes, endothelial cells, and hematopoietic cells, where it
is expressed in dendritic cells, monocytes, macrophages, poly-
morphonuclear leukocytes, and, perhaps, B cells (7, 8). FcRn
protectsmonomeric IgGand albumin fromdegradation in both
parenchymal and hematopoietic cells, is responsible for the
bidirectional transcytosis of IgG and IgG antigen/antibody
complexes across polarized epithelia, and, finally, directs
immune complexes to lysosomes in dendritic cells for facilita-
tion of antigen presentation (9, 10).
Despite overall similarities in structure with the presence of

extracellular �1–3 domains, a transmembrane anchor and a
short cytoplasmic tail of �42 amino acids, detailed amino acid
comparisons reveal significant differences, which may account
for reported functional variation between FcRn homologues

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK071798 (to T. T. K.) and DK053056 (to R. S. B. and W. I. L.). This
work was also supported by the American Liver Foundation, the Crohn’s &
Colitis Foundation of America (to M. Y. and T. N.), and Harvard Digestive
Diseases Center Grant P30 DK034854 (to R. S. B. and W. I. L.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4.

1 To whom correspondence should be addressed: Brigham and Women’s
Hospital, Gastroenterology Division, Dept. of Medicine, 75 Francis St. Bos-
ton, MA 02115. Tel.: 617-732-6917; Fax: 617-264-5185; E-mail: rblumberg@
partners.org.

2 The abbreviations used are: FcRn, neonatal Fc receptor; �2m, �2-microglob-
ulin; h, human; r, rat; MDCK, Madin-Darby canine kidney cell; HA, hemag-
glutinin; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-

sulfonic acid; HBSS, Hanks’ balanced salt solution; PNGase F, N-glycosidase
F; Endo H, endoglycosidase H; WT, wild type.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 13, pp. 8292–8300, March 27, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

8292 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 13 • MARCH 27, 2009

http://www.jbc.org/cgi/content/full/M805877200/DC1


among different species. For example, rat and mouse FcRn are
known to be “promiscuous” in their ability to bind various spe-
cies of IgG, including human and rabbit. In contrast, human
FcRn is more limited in its cross-species IgG binding (11).
“Murinization” of human FcRn by Ward and colleagues has
demonstrated that sequences at residue 137 and between 121–
132within the�2 domain regulate the ability of human FcRn to
exhibit a broad range of cross-species binding to IgG and thus
account for this property ofmouse FcRn (12). Thus, differences
in FcRn structure between the various homologues of FcRn can
be utilized to focus on regions of the molecule that may control
the functions of FcRn and its mechanisms.
One of the major structural differences observed between

human and rodent FcRn is the presence of a single N-glycan
motif in human FcRn within the �2 domain compared with
rodent (mouse and rat) FcRn, which contains three additional
N-glycan carbohydratemodifications within the �1, �2, and �3
domains (supplemental Fig. S1). This is interesting because the
rat N-glycans have been implicated in FcRn-IgG interactions
(7). Specifically, the N-glycan located at Asn-128 within the �2
domains of rat FcRn has been observed to contact Fc. Human
FcRn does not contain this homologous carbohydrate residue
(13). Furthermore, the crystal structure of FcRn has shown that
the interaction between the N-glycan associated with Asn-128
forms a “carbohydrate handshake” that helps stabilize the asso-
ciation of FcRn with IgG (14). Still, the physiologic significance
of theN-glycans that are associated with FcRn remains unclear.
It is interesting thatN-glycans have been suggested to be apical
targeting signals in other proteins (15). However, nothing is
known with respect to FcRn.
Most studies of both human and rat FcRn trafficking in epi-

thelial cells have focused on the cytoplasmic tail, which has
revealed the critical role of this domain in basolateral mem-
brane targeting, endocytosis, and transcytosis. Deletion of the
hFcRn cytoplasmic tail or point mutations of membrane prox-
imal sites that are functional in calmodulin binding diminish
preferential basolateral targeting and redistribute hFcRn to the
apical membrane together with a decrease in IgG transcytosis
(16, 17).
Similarly, studies of rat (r)FcRn in rat inner medullary col-

lecting duct cells, a rat kidney epithelial cell line, have shown
that deletion of the rFcRn cytoplasmic tail or mutation of ser-
ine-313, a site for phosphorylation, significantly diminishes api-
cal-to-basolateral IgG transport (18). Mutations of the trypto-
phan and dileucinemotif present within the rFcRn cytoplasmic
tail results in increased apical expression due to decreased api-
cal endocytosis (19). When rFcRn with green fluorescent pro-
tein at the cytoplasmic tail was expressed in Madin-Darby
canine kidney (MDCK) II cells, endocytosis of rFcRn-green flu-
orescent protein was observed, but transport of wild-type Fc
fragments did not occur (20). It is unclear whether this was due
to structural interference of the green fluorescent protein
domainwith possible basolateral trafficking informationwithin
the FcRn cytoplasmic tail. Another study has also emphasized
the significance of the cytoplasmic tail in membrane targeting.
When the rFcRn cytoplasmic tail is attached to the ectodomain
of Fc�RII, the cytoplasmic tail is able to direct the bidirectional
transcytosis of IgG across MDCK cells (21). To date, no prior

studies have evaluated apical targeting signals or non-cytoplas-
mic tail motifs that may be responsible for either human or
rodent FcRn trafficking in polarized epithelia.
As described above, a major structural difference between

rodent andhumanFcRn is the presence of four, rather than one,
N-glycan carbohydrate side-chain modifications within the
ectodomains of rodent FcRn. However, the functional role for
these post-translational modifications is unknown. We there-
fore investigated the role of these residues by conferring them
upon hFcRn, or “rodentization” of hFcRn, through the addition
of amino acid residues into hFcRn that are associated with
N-linked carbohydrate substitutions as would be observed in
the rodent isoform.Our study shows that addition of the rodent
N-glycans to the human homologue, irrespective of their num-
ber or location within hFcRn, did not allow for binding of
hFcRn to rat IgG. However, rodentization of hFcRn resulted in
apical redistribution of membrane-bound FcRn and reversal of
the dominant vector of IgG transport associated with hFcRn
(predominantly basal-to-apical membrane) to a direction that
is typically associated with the rFcRn homologue (apical-to-
basolateral membrane) (16, 18, 19).

EXPERIMENTAL PROCEDURES

Plasmid Construction—MDCK II-expressing human (h)
FcRn and h�2m were constructed as previously described (22).
hFcRn with various mutations inN-glycans were created using
site-directed mutagenesis by overlapping extension using PCR
(23). The primers used for each mutation and amino acid
sequence mutations of hFcRn that were created are summa-
rized in Table 1 and Fig. 1. rFcRn and rat (r) �2m cDNA (both a
kind gift from Dr. Pamela Bjorkman, California Institute of
Technology, Pasadena, CA) were subcloned into pcDNA3.1
and pEF5/V6-HisA (Invitrogen), respectively. Similar to the
previous human FcRn construct, an N-terminal hemagglutinin
(HA) tag (5�-YPYDVPDYA-3�) following amajor histocompat-

TABLE 1
Primers used in site-directed mutagenesis utilizing overlapping
primers
The primers used contain nucleotides sequences described in Fig. 1 to add various
numbers and combinations N-glycan(s) described in supplemental Fig. S2.
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ibility complex class I signal peptidewas inserted to precede the
mature polypeptide of rat (r) FcRn (16, 22). The mutant hFcRn
constructs were transfected into MDCK II cells stably express-
ing h�2m as previously described. rFcRn and r�2mwere trans-
fected into MDCK II cells as described previously (22). Stable
clones were subsequently selected by ring cloning.
Antibodies—Monoclonal antibodies 12CA5 (mouse IgG2b)

specific for HA, BBM.1 (mouse IgG) specific for both human
and rat �2m, 1G3 (mouse IgG1) specific for rat FcRn, anti-
GP135 (mouse IgG) specific for an apical marker in MDCK II
cells, and anti-�-actin (Sigma, mouse IgG) were used as
described previously (16). Polyclonal human and rabbit IgG
antibodies (Lampire Biological Laboratories) were used for
transcytosis studies. These polyclonal antibodies were first dia-
lyzed in phosphate-buffered saline and subsequently filtered
through a 0.22-�mmembrane before use.
Cells—MDCK II cells with empty plasmid vectors, hFcRn

mutant clones, and rFcRnweremaintained inmediumcontain-
ing Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum, and the appropriate mammalian selection antibiotics at
37 °C with 5% CO2 environment. MH1C1, a rat liver cell line,
was maintained in medium containing Ham’s F-12 medium
(Cellgro) with 15% horse serum and 2.5% fetal bovine serum at
37 °C with 5% CO2 environment.
IgG Binding—Cells were lysed in CHAPS at pH 6.0 or 8.0 as

described previously (22). Equal protein concentrations from
the lysates were incubated with either 200 �g of human or
mouse IgG (Lampire Biological Laboratories) for 2 h followed
by incubation with protein G-Sepharose overnight at 4 °C. Fol-
lowing immunoprecipitation, the proteins were resolved on
12% SDS-PAGE gels under nonreducing conditions and subse-
quently transferred onto nitrocellulose membranes (What-
man) prior to detection by immunoblotting.
Cell Surface Biotinylation—Polarized cells were grown on

12-mm, 0.4-�m polycarbonate membrane Transwells (Corn-
ing, Inc.) for at least 72–96 h. Transepithelial resistance was
measured before commencement of experiments with a resist-
ancemeter (World Precision Instrument, Inc.). The Transwells
were washed with phosphate-buffered saline and subsequently
incubated with 1 mg/ml biotin (Pierce) at either or both mem-
brane surfaces for 30 min before washing and quenching as
described previously (22). The membranes were then removed
from the Transwells, and the cells lysed with radioimmune pre-
cipitation assay containing Complete protease inhibitors
(Roche Applied Science) at pH 7.4 for 1 h. After centrifugation,
postnuclear supernatants were harvested. Equal quantities of
protein were used for the study, with 95% of the material used
for incubation with avidin agarose for 24 h, and the remaining
5% used for lysate. Following immunoprecipitation, the pro-
teins were resolved on 12% SDS-PAGE under reducing condi-
tions. Densitometry analysis was performed using ImageJ soft-
ware (National Institutes of Health).
IgG Transcytosis—Cells were grown to confluence on

12-mm, 0.4-�m polycarbonate membrane Transwells (Corn-
ing), and the transepithelial resistance was determined by
resistance meter as described above. The Transwells were
washed in Hanks’ balanced salt solution (HBSS, Sigma), pH 6
and subsequently in pH 7.4. This was followed by a 20-min

equilibrationwithHBSS, pH 6, at the side anticipated to receive
hIgG and HBSS, pH 7.4, at the contralateral side of the mono-
layer. Human IgG (Lampire) equilibrated in HBSS, pH 6, was
added to the input chamber of the Transwell and allowed to
incubate for 120 min at 37 °C with 5% CO2 environment. The
output chamber fluid was then removed, and the hIgG concen-
trations were measured by enzyme-linked immunosorbent
assay. For experiments using rabbit IgG blocking, rabbit poly-
clonal IgG (Lampire) equilibrated in HBSS, pH 6, was added at
the time of HBSS, pH 6, equilibration prior to the addition of
hIgG.
Statistics—Statistical analysis was performed using Student’s

t test. p � 0.05 was determined to be significant.

RESULTS

Functional Expression of Human FcRn Mutants and Rat
FcRn inMDCK II Cells—To generatemutant hFcRn expressing
additional N-glycans that mimic those that are contained
within rFcRn, nucleotide sequences of the corresponding
hFcRn region were mutated to encode NX(T/S) to allow post-
translational modification with N-glycan carbohydrate (sup-
plemental Fig. S1 and Fig. 1). For each clone, a negative control
was created by modifying the sequence to contain the motif
QX(T/S), which we defined as (m) mutant (Fig. 1). In this case,
an asparagine residue was substituted with a conservative glu-
tamine that does not allow for N-glycan addition. Different
numbers, locations, and combinations of N-glycans were cre-
ated as described schematically in supplemental Fig. S2. Using a
similarmutagenesismethod, hFcRnwithout anyN-glycans was
also generated as an additional control (0-hFcRn).
These human FcRn mutants and rat FcRn constructs were

transfected into MDCK II cells that expressed the correspond-
ing species of human or rat �2m, because we have previously
found that this is substrate-limiting in MDCK II cells (22). The
transfectants were then examined for expression of the corre-
sponding proteins. As shown in Fig. 2A (lane 4), the wild-type

FIGURE 1. Amino acid sequence of hFcRn clones. Amino acid sequence of wild-
type (WT) hFcRn and sequence mutations of hFcRn (solid rectangular box), which
correspond to that of rFcRn sequence. The predicted glycosylation sequence for
rFcRn is highlighted in dashed rectangular box. Corresponding non-glycosylation
sequence, wherein conservative substitution of asparagine with glutamine, were
created on “mutant” (m) clones: 1m-hFcRn, 3m-hFcRn, 4m-hFcRn, and 0-hFcRn
clones.
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human FcRn protein was observed as a band of �40–43 kDa,
which is consistent with the predicted molecular mass of
hFcRn. As predicted, the addition of each N-glycan moiety
increased the molecular mass of hFcRn by 1.5–3 kDa (Fig. 2A).
As such, hFcRn that had beenmodified to contain an additional
carbohydrate side-chain modification at the corresponding
position within the �1 domain (1-hFcRn), �2 domain (3-hFcRn),
or �3 domain (4-hFcRn) migrated as a band of �45 kDa (Fig.
2A). hFcRn that had been mutated to contain the non-glyco-
sylating sequence, QS(T/S), within the �1 (1m-hFcRn), �2
(3m-FcRn), and �3 (4m-hFcRn) domains expressed the same
molecular masses as that of wild-type hFcRn (Fig. 2A, lanes 10,
16, and 22). All hFcRn clones and mutants expressed h�2m
(data not shown).
hFcRn, which encoded different combinations of rodent-

like carbohydrate side-chain modifications, were also gener-
ated (supplemental Fig. S2). Characterization of these hFcRn
isoforms after transfection into MDCK II cells are shown in
Fig. 2B. These clones included hFcRn with two additional
carbohydrate side-chain modifications at positions 1 and 3
(as per nomenclature described in supplemental Figs. S1 and
S2) (123-hFcRn), positions 1 and 4 (124-hFcRn), and posi-

tions 3 and 4 (234-hFcRn). In com-
parison to WT-hFcRn (Fig. 2B,
lane 1), with the addition of two
N-glycan carbohydrates, all of
these isoforms migrated as a gly-
coprotein of �50 kDa (Fig. 2B,
lanes 5, 9, and 13).
Finally, a fully rodentized version

of hFcRn (4N-hFcRn) was created
that contained N-glycan carbohy-
drate at positions 1, 2, 3, and 4 (sup-
plemental Fig. S2). When expressed
in MDCK II cells, the 4N-hFcRn
migrated as a protein of �52 kDa,
which is identical to that of wild-
type rat FcRn (Fig. 2C, lane 5 and 9).
On the other hand, the hFcRn clone
that had no N-glycans (0-hFcRn)
migrated as a�37-kDa protein (Fig.
2C, lane 17), which is the same
molecular mass as all clones that
had been subjected to peptide:N-
glycosidase F (PNGase F) digestion,
an enzyme that removes all N-gly-
can carbohydrate side chains,
resulting in only the “deglycosy-
lated” protein.
The characteristics of theN-gly-

can(s) expressed by the various
FcRn isoforms created were char-
acterized by sensitivity to endogly-
cosidase H (Endo H), which
cleaves only high mannose carbo-
hydrate residues from N-linked
glycoproteins, and PNGase F,
which cleaves all forms of N-gly-

can carbohydrate side-chain residues, including high man-
nose and complex N-glycan isoforms. The addition of Endo
H resulted in deglycosylation of only high mannose FcRn
isoforms but not that of FcRn with complex N-glycans and
thus resulted in the generation of a band at �37 kDa, which
is consistent with a deglycosylated FcRn heavy chain (arrow
in Fig. 2A, lanes 5, 8, 11, 14, 17, 20, and 23; Fig. 2B, lanes 2, 6,
10, and 14; and Fig. 2C, lanes 6, 10, and 13). After Endo H
digestion, in addition to the deglycosylated FcRn heavy
chain, an upper band representing FcRn with complex
N-glycans that remained resistant to Endo H digestion was
detected in each clone examined. On the other hand,
PNGase F removes both high mannose (immature) and com-
plex (mature)N-glycans, resulting in only the deglycosylated
FcRn heavy chain. In each case, PGNase F digestion resulted
in complete digestion of all FcRn heavy chains leading to the
generation of a deglycosylated hFcRn, which was of the same
molecular weight as that of the 0-hFcRn heavy chain (Fig. 2A,
lanes 6, 9, 12, 15, 18, 21, and 24; Fig. 2B, lanes 4, 8, 12, and 16;
and Fig. 2C, lanes 8, 12, 16, and 20). All mutant hFcRn clones
thus expressed N-glycans with both high mannose and com-
plex N-glycan carbohydrate isoforms.

FIGURE 2. Functional expression of WT-hFcRn and “rodentized” hFcRn clones. Stable clones of hFcRn and
mutant hFcRn clones were generated by transfection of MDCK II cells with h�2m, and the lysates examined for
expression of all transfected clones. Lysate incubation with Endo H removed high mannose N-glycan residues
but not complex N-glycan residues, resulting in an upper band (hFcRn with complex N-glycans) and a lower
band (hFcRn without any N-glycan residues, deglycosylated FcRn, “FcRn(-)CHO”). PNGase F removed all N-gly-
can residues, thus resulting in only a single lower band, representing deglycosylated FcRn, “FcRn(-)CHO.” The
clones consisted of wild type hFcRn (A, lanes 4 – 6), hFcRn with one additional N-glycan (A, lanes 7–24), hFcRn
with two addition N-glycans (B, lanes 5–16), “Rodentized” hFcRn with three additional N-glycans (C, lanes
9 –12), wild-type rat FcRn (C, lanes 13–16), and hFcRn without any N-glycans (C, lanes 17–20).
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Addition of N-Glycan(s) on hFcRnDoesNot Confer Binding to
Mouse IgG—Previous studies have shown that hFcRn can only
bind to IgG from a limited range of species. Specifically, human
FcRn can only bind to human and rabbit IgG, whereas rodent
FcRn can bind to a broad range of IgG species, including those
of mouse, rat, human, and rabbit (11). The fully rodentized
hFcRn (4N-hFcRn), along with 0-hFcRn, WT-hFcRn, and WT
rFcRn, were used to determine whether addition of N-
glycan(s) to hFcRn would allow for hFcRn binding to mouse
IgG. MDCK II cells expressing these various hFcRn isoforms
and rFcRnwere lysed inCHAPS at pH 6 or pH 8, and the lysates
were subsequently incubated with either human or mouse IgG.
Protein G-Sepharose was then added to allow for binding to
human or mouse IgG as performed previously (16, 22). Mouse
IgGwas used rather than rat IgG, because protein G-Sepharose
is known to bind poorly to rat IgG. Precipitates of FcRn-IgG-
Protein G-Sepharose complexes were resolved by 12% SDS-
PAGE under nonreducing conditions. Detection of the HA tag
expressed on all hFcRn clones, as defined by immunoblotting
with the 12CA5 monoclonal antibody, showed that 0-hFcRn,
WT-hFcRn, WT-rFcRn, and the fully rodentized hFcRn (4N-
hFcRn) exhibited pH-dependent binding to human IgG at pH 6
(Fig. 3A, lanes 7–10) but not pH 8 (Fig. 3B, lanes 7–10).
Whereas the mature isoforms of WT-hFcRn, 4N-hFcRn, and
WT-rFcRn bound to human IgG at pH 6 (Fig. 3A, lanes 9 and
10), both the mature and immature isoforms of WT-rFcRn
were observed to bind to mouse IgG (Fig. 3A, lane 15). How-
ever, neither the 0-hFcRn, WT-hFcRn, nor fully rodentized
hFcRn (4N-hFcRn) demonstrated binding to mouse IgG at

either pH 6 (Fig. 3A, lanes 12–14) or
pH 8 (Fig. 3B, lanes 12–14). Similar
observations were made with all the
rodentized hFcRn variants and
mutant hFcRn clones (1m-, 3m-,
and 4m-hFcRn) shown in Fig. 2 in
that none were able to bind to
mouse IgG (data not shown). rFcRn
exhibited pH-dependent binding to
both human andmouse IgG at pH 6
(Fig. 3A, lanes 10 and 15) and not at
pH 8 (Fig. 3B, lanes 10 and 15), as
predicted (11). Thus, addition of
N-glycans to hFcRn tomimic that of
rFcRn does not confer cross-species
binding tomouse IgG. Interestingly,
hFcRn is able to bind to human IgG
in the absence of N-glycans.
Increased Apical Membrane Sur-

face Expression of Rat FcRn and
hFcRn with Addition of N-Glycans—
Previous studies have shown that
hFcRn localizes predominately to
the basolateral surface, whereas
rFcRn is distributed to both mem-
brane surfaces (16, 19). To deter-
mine the effect of N-glycans on the
steady-state membrane surface dis-
tribution of hFcRn inMDCK II cells,

the various transfected clones were grown on Transwells,
allowed to polarize beforemembrane surface labeling with bio-
tin, precipitated with avidin agarose, and subsequently ana-
lyzed for protein composition by immunoblotting with the
12CA5 monoclonal antibody. Various amounts of FcRn pro-
teins were detected on both apical and basolateral cell surfaces
of MDCK II cells that expressed 0-hFcRn, WT-hFcRn, 4N-
hFcRn, and rFcRn (Fig. 4A, lanes 3–10, left blots). Fig. 4A (right
blots) shows immunoblotting of the entire protein lysates ana-
lyzed in Fig. 4A (left blots) with the 12CA5 monoclonal anti-
body, to detect each of the different FcRn constructs, and �-ac-
tin, to demonstrate equal loading (Fig. 4A, lanes 13–20).

Consistent with our previous studies, the majority of the
membrane-boundWT-hFcRnwas shown to reside at the baso-
lateral cell surface in comparison to that detected on the apical
cell surface (Fig. 4A, lanes 5 and 6). Similar basolateral mem-
brane distribution was also seen in 0-hFcRn (Fig. 4A, lanes 3
and 4). The presence of the GP135 marker selectively on the
apical surface of all cell lines analyzed (Fig. 4A, left) showed the
fidelity of the biotin labeling, because GP135 is a known apical
membrane protein expressed onMDCK II cells. Based upon the
quantity of total FcRndetected in thewild-type cell line, it could
be estimated that �3% of the total hFcRn was detected at the
membrane surfaces as defined by densitometry. Similar results
were obtained with the rodentized hFcRn (4N-hFcRn) and
WT-rFcRn cell lines in that the majority of FcRn remained
intracellular with membrane-bound FcRn ranging from 4% to
10% of the total lysate. The rodentized hFcRn (4N-hFcRn) and
the rFcRn transfected contained two species of FcRn (closed

FIGURE 3. WT-hFcRn and rodentized hFcRn binds to human IgG but not mouse IgG at pH6. Cells were lysed
at CHAPS, pH 6 or pH 8, before incubation with human or mouse IgG and subsequently precipitated with
protein G-Sepharose. WT-hFcRn, rodentized hFcRn (4N-hFcRn), and 0-hFcRn were able to bind to human IgG at
pH 6 but not pH 8 (A, lanes 7–10; B, lanes 7–10). No binding was seen with mouse IgG at either pH (A, lanes 12–14;
B, lanes 12–14). Only WT-rFcRn bound to mouse IgG at pH6 but not pH 8 (A, lane 15; B, lane 15).
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and open arrows in Fig. 4A, lanes 7–10) at the membrane sur-
faces. Given the findings in Fig. 2C, it was hypothesized that the
upper band (closed arrowhead) represented amature species of
FcRn with complexN-glycans and the lower band (open arrow)
represented an immature species of FcRn with high mannose
glycan isoforms. It was also notable that the rodentized hFcRn
and rat FcRn displayed enhanced expression on the apical cell
surface relative to that observed on the apical cell surface of the
non-glycosylated (0-hFcRn) and WT-hFcRn isoforms (com-
pare Fig. 4A, lanes 3, 5, 7, and 9). Moreover, whereas the baso-
lateral cell surface of the MDCK II cells contained predomi-
nantly the high molecular weight (mature, complex N-glycan)
species, both lowermolecularweight (immature, highmannose
N-glycan) and higher molecular weight (matureN-glycan) spe-
cies of FcRnwere observed on the apical cell surface of both the
rodentized hFcRn (4N-hFcRn)- and rat FcRn-transfected cell
lines (WT-rFcRn) (Fig. 4,A (lanes 7 and 8), B (lanes 3–5), andC
(lane 1)). These studies suggest that increased glycosylation of
hFcRn altered its polarity of expression to more resemble that
observed with rat FcRn with an increase in apical membrane

expression as compared with that observed with WT-hFcRn,
which exhibited a strong basolateral predominance of hFcRn
expression.
A separate rodentized hFcRn (4N-hFcRn) transfectant also

showed increased apical membrane expression of mature and
immature FcRn (Fig. 4B, lane 3) relative to the basolateral sur-
face, which primarily expressed mature FcRn (Fig. 4B, lane 2).
To confirm that the upper and lower bands representedmature
and immature isoforms of the rodentized hFcRn (4N-FcRn),
respectively, biotin-labeled membrane 4N-hFcRn clones were
immunoprecipitated with avidin-agarose and subsequently
subjected to digestion with Endo H or PNGase F before resolv-
ing on 12% SDS-PAGE followed by immunoblotting for FcRn
and GP135. Significantly more protein was used in this experi-
ment, and, as with previous experiments, equivalent amounts
of proteinwere added to each lane. These studies demonstrated
the presence of both immature and mature FcRn isoforms at
the apical membrane (Fig. 4B, lane 3). In the presence of Endo
H, the lower band migrated to 37 kDa, which is consistent with
the location of the deglycosylated FcRn (Fig. 4B, lane 4). In the
presence of PNGase F, only the deglycosylated hFcRn was
detectable (Fig. 4B, lane 6). Protein isolated from biotin-labeled
basolateral membrane showed the presence of only mature
4N-hFcRn (Fig. 4b, lane 8). Confirmation of the complexN-gly-
can (mature) isoformwas shown by resistance to EndoH diges-
tion (Fig. 4B, lane 9) and by sensitivity to PNGase F digestion
(Fig. 4B, lane 11).
To determine whether this apical redistribution of the

rodentized hFcRn (4N-hFcRn) was also observed with other
hFcRn isoforms created (see supplemental Fig. S2), we per-
formed the following series of studies on MDCK II cells
expressing hFcRn containing one and two additional N-glycan
carbohydrate modifications within the �1, �2, and/or �3
domains. MDCK II cells that expressed these various combina-
tions and numbers ofN-glycans were biotin-labeled on the api-
cal, basolateral, or both cell surfaces. Protein lysates from these
cells were precipitatedwith avidin-agarose, and the precipitates
were analyzed for the presence of FcRn or an apical marker
(GP135) by immunoblotting with the 12CA5 or GP135 anti-
bodies, respectively (supplemental Fig. S3). The upper blots
confirmed the fidelity of the biotin labeling given the exclusive
detection of GP135 on the apical cell surface. As previously
observed with the fully rodentized hFcRn (4N-hFcRn), all
hFcRn clones with additional N-glycan(s) exhibited enhanced
expression of FcRn at the apical cell surfaces (supplemental Fig.
S3, lanes 4, 7, 10, 13, 16, and 19). In addition, both immature
and mature isoforms were detected at the apical surfaces of all
FcRn clones with one additional N-glycan carbohydrate modi-
fication (1-FcRn, 3-hFcRn, and 4-hFcRn) (supplemental Fig. S3,
lanes 4, 7, and 10). Similar to the fully rodentized (4N) hFcRn
clone, hFcRn clones with threeN-glycans (123-, 124-, and 234-
hFcRn) exhibited increased FcRn expression at the apical cell
surface (supplemental Fig. S3, lanes 13, 16, and 19) relative to
the basolateral cell surface (supplemental Fig. S3, lanes 14, 17,
and 20). These studies show that no specific N-glycan location
or combination determined apical redistribution but rather
appeared to be related to the total amount of N-glycan con-
tained within FcRn.

FIGURE 4. Membrane distribution of FcRn. Cells were grown on Transwells
and allowed to polarize before surface membrane labeling with biotin at the
apical (A), basolateral (B), or both apical and basolateral (AB) cell surface(s) and
followed by immunoprecipitation with avidin-agarose. Basolateral predomi-
nant membrane distributions of FcRn were observed with 0-hFcRn and WT-
hFcRn clones (A, lanes 3– 6). Increased apical membrane distribution was
observed with 4N-hFcRn and WT-rFcRn (lanes 7–10). In both WT-rFcRn and
4N-hFcRn clones, the high mannose isoform of FcRn was distributed to the
apical cell surface (A, lanes 7 and 9, lower bands). Closed arrow indicates
mature isoform, and open arrow indicates immature isoform (A). Immuno-
blotting of total lysate with 12CA5 for FcRn is shown (A, lanes 11–20). Confir-
mation of membrane bound high mannose and complex N-glycan isoforms
in 4N-hFcRn were performed using Endo H, PNGase F, or mock (M) digestion
(B). A separate rat FcRn clone (rat FcRn-b) had also been generated (C). Mem-
brane protein isolation from apical (A), basolateral (B), and both apical and
basolateral (AB) surfaces demonstrated the presence of rat FcRn at both
membrane surfaces. Different from the clone in A (lanes 9 and 10), this clone
showed that the mature isoform was visible in both membrane surfaces
(C, lanes 1 and 2).
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Reversal of Vectoral Direction of IgG Transport in Rodentized
Human FcRn—It has been previously demonstrated that wild-
type hFcRn when expressed in MDCK II cells preferentially
directs hIgG transport from the basolateral to the apical surface
and less so from the apical to the basolateral cell surface (16, 17,
22). It has also been previously noted that rat FcRn exhibits a
reversal of this polarity of transcytosis with the major vector of
IgG movement being apical-to-basal (20, 24, 25). We therefore
examined whether rodentization of hFcRn, which was associ-
ated with apical redistribution of hFcRn similar to that of rat
FcRn, was also associated with a vector of IgG transport that
would resemble rat FcRn.
To examine the preferential direction of IgG transport,

transfected MDCK-II cells were therefore cultured on Tran-
swell membranes and allowed to polarize. Because human (h)
IgGwas shown to bind various rodentized hFcRn and rat FcRn,
we assessed hIgG transport function of a selected hFcRn clones
as well as rFcRn (11). hIgG was added to the input chamber,
which was buffered to pH 6 to enhance hIgG binding, with or
without rabbit IgG, which can bind competitively to both
human and rat FcRn as ameans to competewith hIgG transport
as previously performed (16, 22). The output chambermedium,
which was buffered to pH 7.4 to enhance FcRn dissociation
from IgG, was sampled after 120 min, and the hIgG concentra-
tions were determined in the output chamber by enzyme-
linked immunosorbent assay. Bidirectional hIgG transport was
detected in MDCK II cells transfected with wild-type hFcRn
(WT-hFcRn), fully rodentized hFcRn (4N-hFcRn), non-glyco-
sylated hFcRn (0-hFcRn), and rat FcRn (WT-rFcRn). Consist-

ent with previous studies, WT-hFcRn was observed to direct
hIgG predominantly from the basolateral-to-apical direction
(Fig. 5B) (16). Specificity for transport was shown by the ability
of rabbit IgG, which can bind to hFcRn, to significantly block
this bidirectional transport (Fig. 5B). Removal of the single
N-glycan from hFcRn did not alter the predominant direction
of hIgG transport or its blockade by rabbit IgG (Fig. 5C). How-
ever, when hFcRn was fully rodentized (Fig. 5D), its predomi-
nant direction of transport of hIgG was reversed and identical
to that of rat FcRn (Fig. 5E), which was predominately in the
apical-to-basal direction. Therefore, rodentization of hFcRn
altered the vectoral direction of hIgG transport in a manner
that made hFcRn function similarly to the rodent isoform.

DISCUSSION

Little is known about the regulation of FcRn trafficking in
epithelial cells with most of the knowledge deriving from an
assessment of the role of the cytoplasmic tail in rodents and
human. Drawing from the differences in the specific details of
the functional and structural differences between rodents and
humans, we sought to focus on the dissimilarities between the
carbohydrate side-chain modifications expressed on rodent
and human FcRn, and how these might relate to the global
differences in FcRn distribution and function observed be-
tween these two isoforms; namely the important differences
observed in cross-species IgG binding, membrane polarity of
FcRn expression, and the vectoral direction of IgG transport.
We hypothesized that these functional differences may allow
for an interrogation of the manner in which FcRn structure

FIGURE 5. Reversal of human IgG transport with full rodentization of hFcRn. Bidirectional hIgG transport, apical to basolateral (white bars) and basolateral
to apical (gray bars), was observed in all clones, except for Vector clone (negative control), which does not express FcRn (A). 0-hFcRn clone exhibited similar
basolateral-to-apical direction of hIgG transport (C) as that of WT-hFcRn (B). 4N-hFcRn clone displayed predominate apical-to-basolateral hIgG transport (D),
similar to that of WT-rFcRn (E). Addition of rabbit IgG significantly decreased hIgG transport in all clones.
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regulates function. We therefore generated a wide variety of
human isoforms that were mutated to possess asparagine resi-
dues positioned to impose N-glycan carbohydrate side-chain
modifications in hFcRn with the characteristic of the rodent
isoform.
Consistent with previous studies, we observed that, when

expressed in MDCK II cells with h�2m, wild-type hFcRn con-
sisted of both high mannose and complex carbohydrate con-
taining isoforms as defined by sensitivity to Endo H and
PNGase F. However, also consistent with previous studies, the
majority of wild-type hFcRn that was displayed on the cell sur-
face consisted predominantly of amature glycoprotein that was
predominantly sorted to the basolateral surface (16, 22). Vari-
ous isoforms of rodentized hFcRn through addition of multiple
combinations of N-linked carbohydrate side-chain modifica-
tions were also characterized by the expression of both high
mannose and complexN-glycan carbohydrate isoforms, as was
wild-type rat FcRn, when expressed in MDCK II cells. In con-
trast to WT-hFcRn, the various rodentized hFcRn isoforms
exhibited increased apical expression of both immature and
mature hFcRn isoforms. Of these, the expression of mature
hFcRn isoforms at the apical cell surface is functionally relevant
given the binding of mature isoforms to human IgG and basally
directed transcytosis from the apical surface as shownhere. The
expression of immature glycoproteins at the apical cell surface
is interesting butmust be currently viewed as being functionally
irrelevant given the lack of binding to human IgG and the
absence of immature rat FcRn glycoproteins in non-transfected
cell lines expressing endogenous levels of FcRn (supplemental
Fig. S4, lanes 5–7). Thus, the addition ofN-linked carbohydrate
side-chain modifications to hFcRn confers increased mobiliza-
tion to the apical cell surface and the reversal of IgG transcyto-
sis typical of rFcRn.
N-Glycans have been proposed to play a role in FcRn binding

to IgG. The crystal structure of rFcRn in combination with rat
(r) IgG has shown thatN-glycans in rFcRn are at the interaction
sites with IgG, and it has been hypothesized that the FcRn
dimer is stabilized through a “carbohydrate handshake” (14).
The N-glycan carbohydrate at Asn-128 of rFcRn specifically
contacts rat Fc (13). Based upon these findings, studies using
surface plasmon resonance have shown that mutation of Leu-
137 in hFcRn to Glu-137 (as seen in mouse FcRn) and rodenti-
zation of residues 79–89 (areas that also encompass the pro-
posedmouseN-glycosylation site at the �1 domain) resulted in
increasedmIgG1,mIgG2a, andmIgG2b binding (12). However,
this interaction was not as strong as mFcRn binding to mIgG,
and the affinity to hIgG1 was in turn reduced 2-fold. Further
studies have shown that mutation of hFcRn at amino acid res-
idues 136–147 (an area that is outside of the N-glycan site) to
mimic that of mouse FcRn resulted in increase binding to
mIgG1 and mIgG2b, and this binding was enhanced with addi-
tional mutations of hFcRn at amino acid residues 79–89 to
mimic that of mFcRn (26). The sites of these mutations have
suggested that theN-glycan carbohydrate of mFcRn at residues
87 and 128 of rFcRn (N-glycans positions 1 and 3 on supple-
mental Figs. S1 and S2) may play a role in IgG binding. How-
ever, the rodent IgG binding studies with the mutated hFcRn
isoforms studied here did not reveal increased binding of

mouse IgG. The differences in our studies in comparison to the
previously published studies may be the following. In the cur-
rent study, polyclonal mouse IgG was used as opposed to spe-
cific IgG isotypes performed previously. Another possibility is
that because we only added asparagine residues, the N-glycan
carbohydrate modifications alone may not contribute to cross-
species binding alone but may depend on the contribution of
neighboring residues that were not modified in the current
study. It is also possible that stronger binding is required to
detect differences in binding using protein G-Sepharose pre-
cipitation assays as opposed to surface plasmon resonance.
Overall, addition of N-glycans to hFcRn did not reveal signifi-
cant changes in binding of hFcRn to mouse IgG.
Although N-glycans have been shown by some studies to

function as an apical targeting signal in polarized epithelia, it
may not be the dominant factor in the regulation of apical
membrane trafficking (27). For example, removal of N-glycans
in hepatitis virus B antigen or soluble ectodomain of p75 neu-
rotrophin receptor does not alter the apical sorting pattern (28,
29). In our study, addition of even oneN-glycan at any position
of hFcRn (1-, 3-, and 4-hFcRn) enhanced the redistribution of
FcRn to the apical surface compared with that of WT-hFcRn,
which localizes predominantly to the basolateral surface. With
one or two additionalN-glycans at any position (123-, 124-, and
234-hFcRn), there was a marked membrane targeting to the
apical surface, similar to that of the fully rodentized hFcRn (4N-
hFcRn) andWT-rFcRn. This redistribution of hFcRn was sim-
ilar to the steady-state levels of wild-type rat FcRn as observed
in transfected MDCK II and inner medullary collecting duct
cells in two previous studies (20, 24). Interestingly, an analysis
of the fully rodentized hFcRn (4N-FcRn) in comparison towild-
type hFcRn also showed an increase in the relative amount of
membrane bound to intracellular FcRn. These data suggest that
the N-glycans may play a significant role in mediating apical
membrane distribution of FcRn and enhancing either stabiliza-
tion of FcRnon the cell surface and/ormovement of FcRn to the
cell surface. However, the apical membrane distribution is not
determined by a specific N-glycan, and the ratio of apical-to-
basolateral membrane distribution is not simply a cumulative
effect of the numbers of N-glycans.
The increased redistribution of rodentized hFcRn to the api-

cal cell surface in a distribution that was similar to that of wild-
type rFcRn raised the possibility that thismay be reflected phys-
iologically in an alteration of the vectoral direction of IgG
transport that was also similar to rat FcRn: specifically, a pre-
dominantly apical-to-basal direction of transport. Previous
studies of rFcRnwhen expressed in the innermedullary collect-
ing duct cell line showed bidirectional transcytosis of rat IgG,
but the predominant direction of IgG transport was not deter-
mined (18). Tesar and colleagues, however, showed that rFcRn,
when expressed in MDCK II cells, transported more rat Fc and
rat IgG in the apical-to-basal direction (20). Similarly, in our
study using MDCK II cells that expressed both rFcRn and
r�2m, we observed bidirectional transcytosis of human IgG,
which is known to bind to rodent FcRn with a predominant
apical-to-basolateral direction of IgG transport.
Consistent with our previous study, wild-type hFcRn in

MDCK II cells also exhibited bidirectional human IgG trans-
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port with predominantly basal-to-apical direction (16). In
marked contrast, the fully rodentized hFcRn mutant isoform
exhibited a reversal of this polarity that matched the vector of
polarity of protein expression on the cell surface membranes,
and it exhibited bidirectional transport with a predominantly
apical-to-basal direction of transport, which was the same as
that of rFcRn. The similarity between the wild-type rFcRn and
fully rodentized hFcRn strongly supports a role ofN-glycans in
determining the sorting of FcRn expression and direction of
IgG transport.
In wild-type hFcRn, the cytoplasmic tail has been believed to

be critical in determining the predominant basolateral mem-
brane distribution and basolateral-to-apical hIgG transport
(16). The cytoplasmic tail of rat FcRn likely has a similar baso-
lateral targeting function, because mutant rFcRn without a
cytoplasmic tail also results in a redistribution to the apical cell
surface (19). Thus, theN-glycan carbohydrates on thewild-type
rFcRn and the fully rodentized hFcRn appear to counter the
trafficking imposed by the cytoplasmic tail, which directs sort-
ing of FcRn to the basolateral cell surface. An interesting pos-
sibility is that IgG binding to FcRn may mask the N-glycan
apical signals allowing the cytoplasmic basolateral motifs to be
temporarily dominant. Upon exposure to the pH-neutral baso-
lateral surface, the release of bound IgG re-exposes the N-gly-
cans allowing them to function yet again as apical sorting sig-
nals. Whether this role of the N-glycan carbohydrate regulates
apical membrane trafficking through intracellular lectin recep-
tor interactions (such as VIP-36), or whether N-glycans nega-
tively regulate a basolateral sorting pathway remains to be
defined (27). Interestingly, in this regard, is the fact that our
studies suggest that N-glycans strongly contributed to apical
membrane distribution and the predominant vector of IgG
transport. Our observations with rodentized human FcRn also
allow us to make other predictions about the physiological
function of N-glycans in normal rat FcRn biology. It is impor-
tant to point out that the increased numbers of N-glycans on
rodent FcRn may have additional benefits to the physiologic
function of FcRn in rodents. The allowance for increased api-
cal-to-basal transport imposed by increased N-glycans will
facilitate the passive acquisition of IgG by neonatal rodents that
is a hallmark function of this receptor (1). In addition, it can be
envisioned that addition of N-glycans to rodent FcRn might
allow improved function in the hostile environment of the api-
cal cell surface.
These studies thus demonstrate that addition ofN-glycans to

hFcRn does not confer cross-species binding to rodent IgG but,
rather, results in a redistribution of hFcRn to the apical mem-
branes and reversal of hIgG transport acrossMDCK II cells that
make the fully rodentized hFcRn resemble wild-type rFcRn.
These data suggest that theN-glycans in rat FcRn play a signif-
icant role in the steady-state membrane surface distribution
and the direction of IgG transport that is mediated by FcRn.
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