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The high affinity IgE receptor (FceRlI) is a multisubunit complex comprised of either ay, or af3y, chains. The cotranslational
assembly of the IgE-bindingea-chain with a dimer of y-chains occurs in a highly controlled manner and is proposed to involve
masking of a dilysine motif present at the cytoplasmic C terminus of the FeRI a-chain that targets localization of this subunit
to the endoplasmic reticulum (ER). Here, we show that ER quality control modulates export from the ER of newly synthesized
ay, and afy, receptors. We demonstrate that the presence of untrimmedl-linked core glycans (GlgManGIcNAC,) on the FceRl
a-chain activates the ER quality control mechanism to retain this subunit in the ER, despite the presence gfchains. At the same
time, the untrimmed, ER-localized a-chain exhibits IgE-binding activity, suggesting that F&RI a-chain folding occurs before
constitutive glucose trimming. In additional experiments, we demonstrate that cell surface expression of amchain C-terminal
truncation mutant is also dependent on glucose trimming, but not ony-chain coexpression. We suggest that glucosidase trimming
of terminal glucose residues is a critical control step in the export of FeRl « from the ER. Finally, we show that the constitutive
ER FceRI a-chain, expressed in the absence of the other ERI subunits, associates with the ER lectin-like chaperone calnexin,
but not the structurally similar ER chaperone calreticulin, presumably through interaction with monoglucosylated a-chain ER
glycoforms. The Journal of Immunology,2000, 165: 5686-5694.

involved in allergic reactions. The human receptor existssylation of truncatede-chain is not necessary for folding and IgE

in two distinct forms: either as a tetrameric complex con- binding (11), it was shown to be necessary for secretion from
sisting of onea-chain subunit, ong-chain and a homodimeric transfected eukaryotic cells (10), suggesting an important role of
v-chain, or as a trimeriay, complex devoid of3-chain. Although  N-linked glycans ina-chain transport. However, the relationship
inflammatory cells such as mast cells and basophils express thgetween constitutive ERla glycosylation and FeRI subunit as-
aBy, receptor (reviewed in Ref. 1), recent findings have indicatedsembly and eventual cell surface expression has not been
that many other cell types such as monocytes (2), eosinophils (3glucidated.
Langerhans cells (LC; Refs. 4 and 5), and dendritic cells (6) also The mechanistic features underlyingeRt assembly and ex-
express the receptor, albeit withgsrchain. Each of the subunits pression are of considerable interest. Early studies showed distinct
of the receptor seems to have an individual function. Although thedifferences in cell surface expression between rodent and human
a-chain is exclusively involved in the binding of the IgE ligand, FceRI; rodent FeRI expression requires coexpression of all three
the y-chain is necessary for signal transduction (7), whereas theubunits (12), whereas humaneRt is reported to achieve cell
B-chain appears to function as an amplifier of this signal (8, 9). Ofsurface expression with or without tifesubunit (13, 14). At the
the three chains, only the-chain isN-glycosylated with~40% of same time, evidence for a possible role of {xsubunit in en-
the totalM, derived from oligosaccharides (1). It appears likely hancing or stabilizing RRI surface expression, compared with
that all seven of the potential-linked glycosylation sites present the ay2 complex, has also appeared (8), in accordance with our
in the human FeRla ectodomain sequence are used based on @bservations that theBy2 receptor expresses to a higher density
careful glycosylation analysis of a truncated form of thehain  thanay2 in transfected cells (our unpublished results). Additional
early studies revealed the importance oéRtsubunit transmem-
i oleaut _ Medicne. The Ser . _brane (TM) and cytoplasmic domains (CD) in assembly and ex-
e e e N eseaen o Pression of the rat recepior (15-17) as well as the humaRIFe
stitute, Vienna, Austria ay2 complex (17). More recently, a number of studies have re-
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T he high affinity IgE receptor (FeiRI)® is a key molecule  consisting of only the extracellular domain (10). Although glyco-
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the F&RI a-chain has been shown to accumulate in intracellular  PCR product 1 was excised from a 1.6% agarose gel and purified using
compartments without showing significant cell surface expressio@ Qiagen (Chatsworth, CA) spin column. The purified product was then

; _ : ; used directly in PCR 2 using the same amplification conditions as before.
despite the presence of &Rl y-chain. Thus, it has emerged that The spin column-purified product from this step was then used directly

FceRI regulation is an important and complex process that, iniy ihe third amplification reaction using the same PCR conditions as before.
some forms, implicates control of ERI expression at the intra-  The full-length PCR product was then excised from a 2% agarose gel and
cellular level including possibly FRl subunit assembly and the purified product then cloned as Xhd/Hindll fragment into the
transport. pcDNA3.1(+)zeo vector following standard protocols (36). The nucleotide

. I . equence of- and y-chain coding sequence for all expression plasmids
Co- and post-translational modifications of nascent polypeptide sed in this study was confirmed on an ABI model 377 version 3.0 DNA

occur in the lumen of the endoplasmic reticulum (ER), such asequencer.

disulfide bond formation and core glycosylation, and are generally

necessary to achieve polypeptide folding and assembly of multi- s I q focti

subunit complexes (29). Although tigschain andy-chains have ~ CEllS lines and transfections

only a few amino acid residues oriented to the lumenal side of thedeLa cells (Clontech) were cultured in DMEM (Life Technologies, Gaith-
ER, thea-chain ectodomain, comprised of two Ig-like domains, is STSb'\UAfgyIMD) _supplle(anSelrJ;adlwnh 1%% FB%('{XEE/SICIBHUI‘IC, Irvine, CA),

. G H H H Zm glutamine, ml peniciliin, an g/ml streptomycin at
orlentgd V\{Ithm this compartment. TO. prevent .mlsfoldlng ar.]d ag 7°C in a humidified 5% CQincubator. For transient transfection, HeLa
gregation in the ER because of the high protein concentration angis were seeded at:8 16° cells/35-mm well 1 day before transfection.
oxidative environment within this compartment (30, 31), a com-Cells were transfected with Lipofectamine Plus reagent (Life Technolo-
plex quality control network exists involving a number of molec- gies) according to the manufacturer’s instructions. As an internal control
ular chaperones to facilitate production of transport-competenfortra”SfECtion efficiency, cells were cotransfected with an expression vec-

tor for green fluorescent protein (GFP; pGreen Lantern-1; Life Technolo-

proteins and protein complexes (reviewed in Ref. 32). A dlfferentgies). Forty-eight hours after transfection, cells were harvested by

level of ER quality control exists for many proteins by virtue of the trypsinization and analyzed. Chinese hamster ovary (CHO) cells that stably
presence of ER retention or Golgi-retrieval signal sequences, thexpress human ERlaBy, were generously provided by Dr. J.-P. Kinet

latter thought to associate with coatomer protein complexes (33XBeth Israel Deaconess Medical Center, Boston, MA). Cells were grown in

Ahain i . IMDM (Life Technologies) containing 1 mg/ml G418, 10% FBS, 2 mM
In the case of the FeR| -chain, it has been proposed that a di glutamine, 100 IU/ml penicillin, and 10@g/ml streptomycin at 37°C, 5%

lysine motif positioned near the end of the CD functions as aCOZ. MYC 1-9E10.2 cells were kept in RPMI 1640 (Life Technologies)
retrieval signal that effectively directs localization of the free and 10% FBS, glutamine, and penicillin/streptomycin, at 37°C, 5% CO
a-chain to the ER (34). Coexpression of thechain leads to  Castanospermine (CST; Biomol, Plymouth Meeting, PA) was used at 300
a-chain localization to the cell surface as thg2 complex by a  #g/ml-

mechanism presumed to involve steric masking of the di-lysine

motif by determinants in thg-chain CD that lie in physical prox-  Flow cytometry

imity to the a-chain di-lysine motif (34). The masking of the ER
.y a . Y ( ) g“ FceRI a-chain was indirectly detected using the anteREmAb 15-1 mAb
retrieval/retention signal by thg-chain thus serves as “secondary (MIgGLik; Ref. 5). FeRI y-chain was detected using the FLAG epitope-

quality control” (32) fora-chain surface expression. Here, we have specific mAb M2 (migG1; Sigma, St. Louis, MO). Cells were incubated
studied the relationship of ER quality control anechain N-gly- with 15-1 mAb, M2 mAb, or migGl¢ (MOPC-21; Sigma) as an isotype
Cosy|ation and its effect on the export of neweRt molecules. control for 30 min at 4°C at a concentration Of.@]/lds cells. Cells were
washed in PBS/1% FBS and then treated withg&L(® cells biotinylated
goat F(ab), anti-mouse 1gG1y1 heavy chain-specific; Southern Biotech
. nology Associates, Birmingham, AL). After incubation for 30 min at 4°C,
Materials and Methods cells were washed and incubated withu@/1f cells streptavidin-PE
Construction of plasmids fag- and y-chain expression (PharMingen, San Diego, CA). Cells were then analyzed on a FACScalibur
) ) ) analyzer (Becton Dickinson, San Jose, CA) using CellQuest software for
The cDNA encoding the human &I a-chain was cloned into the |4y gata acquisition and analysis. Live cells were gated on forward- and
PIREShyg vector (Clontech, Palo Alto, CA) and the pcDNA3:J4e0  gjge.scatter and by propidium iodide (d/ml) exclusion using the FL3

vector (Invitrogen, Carlsbad, CA), both under the control of a CMV pro- ¢panne|. GFP-fluorescence was analyzed using the FITC-channel of the
moter. The cDNA truncation fragmentt) lacking the coding sequence for 483 nm |aser.

the 16 C-terminal amino acids was cloned into the pcDNAB)z€o. The

c-mycderived epitope tag (EQKLISEEDL) recognized by mAb 9E10 (hy-

bridoma cell line MYC1-9E10.2; American Type Culture Collection, Ma- confocal microscopy

nassas, VA) was positioned at the N terminus of the maddchain se-

quence (35) by placement between the constitutive leader peptide and the total of 5 X 10* cells were seeded per chamber on an eight-chamber
+1 residue of the mature sequence. The cDNA coding for the humarLab-Tec Il culture slide (Nunc, Naperville, IL) and cultured overnight at
FceRI y-chain was also cloned into pcDNA3:jzeo. The FLAG epitope  37°C, 5% CQ. Cells were washed twice with PBS, fixed, and permeabil
tag (DYKDDDDK) was positioned at the N terminus of the matyrehain ized with 4% paraformaldehyde for 30 min at ambient temperature in a
sequence and contained an Ala3 spacer between the C terminus of timeoist chamber. Cells were then washed three times with PBS and incu-
FLAG tag and the start of the five-residue extracellular region (LGEPQ) ofbated with PBS/2% goat serum (Sigma) for 30 min to block nonspecific
the maturey-chain. An additional two-residue sequence (LG) was addedbinding. Cells were washed three times with PBS and incubated for 30 min
between the constitutive leader peptide and the N terminus of the FLAGwith 40 ng/ml 15-1 mAb (mlgG1) in PBS/2% BSA (Sigma) and anti-BiP
sequence to facilitate peptidase cleavage of the leader peptide. To positionAb (clone 10C3, milgG2a; StressGen Biotechnologies, Victoria, BC,
the FLAG tag and Ala3 spacer sequence between the native leader s€anada) at a 1:200 dilution. Cells were washed three times with PBS and
quence and the-1 residue of the maturg-chain, a series of three PCR then incubated with FITC-labeled goat F(glanti-mouse IgG1¥1 heavy
were performed to sequentially build the desired full-length coding se-chain-specific; Southern Biotechnology Associates) at a dilution of 1:300
quence. Each amplification used the following oligonucleotide’ gwiher: and Texas Red-labeled goat anti-mouse IgGZa(heavy chain-specific;
5'-GACTCTCGAGCATATTTTAGCTGGAGTTGGGAATGGG together  Southern Biotechnology Associates) at a 1:50 dilution in PBS/2% BSA.
with the 8 primers described below, using humareREy-chain plasmid as  Cells were then washed three times with PBS. Before sealing of the slide,
template and using Pfu polymerase (Stratagene, San Diego, CA) with 38low Fade-Light antifade (Molecular Probes, Eugene, OR) was added. The
cycles of 94°C, 1 min; 58°C, 1 min, and 72°C 1 min, followed by one cycle specimen was analyzed using a confocal laser microscope (MRC 600; Bio-
of 72°C, 10 min. The following 5SPCR primers were used in reactions 1-3: Rad, Hercules, CA) equipped with an argon-krypton mixed gas laser (488
1) 5-CTGGGAGATTATAAGGATGACGACGATAAAGCTGCAGC nm, blue line for FITC and 568 nm, yellow line for Texas Red) in asso-
GCTGGGTGAGCCTCAGCTCTGCTAT; 2) 'SGCAGTGGTCTTGCTCT  ciation with a Zeiss IM35 M inverted microscope with objective lenses at
TACTCCTTTTGGTTGAACAAGCAGCGGCCCTGGGAGATTATAAGG x40 orx63. Images were collected and analyzed using Cosmos (Bio-Rad)
AT; and 3) 3-GCAGAAGCTTATGATTCCAGCAGTGGTCTTGCTCTTA.  and Adobe Photoshop software (San Jose, CA).
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Immunoprecipitations and Western blot analysis

HeLa mock HeLa o
Cells were solubilized in Nonidet P-40 (Calbiochem, San Diego, CA) lysis
buffer (1% Nonidet P-40, 137 mM NaCl, 20 mM Tris-HCI (pH 8.0), 10% anti-FceR[ anti-FceRI
glycerol, 20u.g/ml aprotinin (Sigma), 1@g/ml leupeptin (Sigma), and 0.5 0-chain @-chain
mM Pefabloc SC (4-(2-aminoethyl)-benzolsulfonylfluoride, hydrochloride; mAb 151 mAb 151
Boehringer Mannheim, Indianapolis, IN)). Lysates were kept on ice for 30
min and, subsequently, insoluble debris was removed by centrifugation at [ comrr s vy ey VIR NS S o

13000x g for 30 min at 4°C. Supernatants were precleared with Sepharose
4B beads (Pharmacia, Piscataway, NJ) for 3-16 h at 4°C. For immunopre-
cipitation of F&RI a-chain, 10ug/ml of mAb 9E10 (mIgG14) was added

to lysate supernatants and allowed to incubate for 6-16 h at 4°C before
addition of Protein G-Sepharose beads and continued (6—16 h) incubation.
Alternatively, immune complexes containingdRt a-chain were isolated
using murine IgE (hybridoma 26.82; Ref. 37; kindly provided by Dr. F.-T.
Liu, La Jolla Institute for Allergy and Immunology, San Diego, CA)
covalently coupled to CNBr-activated Sepharose 4B beads (Pharmacia).

Cell numbers

anti-FceRI
a-chain
mAb 15-1

100 10! 102 10

HeLa oy

anti-FceRI
Y¥-chain
mAb M2

Calnexin was immunoprecipitated using an anti-calnexin C terminus poly-

clonal Ab (SPA-860; StressGen) at 1:200 dilution. Protein G-Sepharose-

bound or IgE-Sepharose-bound proteins were washed three times in Non-

idet P-40 Iysis_ buffer and then _eIuted with SDS sample buffer in the absencg|GURE 1. Effect of the coexpression of ERI y-chain on the surface

of thiol reducing agent. Proteins were fractionated by SDS-PAGE, elecqyhression of FeRl a-chain. Hela cells were transiently transfected with

tpr:) obgggefgr?ﬁéoplrg]stgggoor} Elljaln;?&griﬁrlg?n(nglgﬂogweAbB ?ﬂggze'\//@f and either the parental (mock) expression vector (HeLa mock), or with a com-
. bination of FeRI a-chain expression vector and mock expression vector at

5; a gift from Dr. J.-P. Kinet) at a 1:400 dilution in combination with : : e .
HRP-conjugated goat anti-mouselight chain (GaMk) serum (Southern & 1:1 ratio (Helan), or with a combination of the expression vectors for

Biotechnology Associates) at a 1:4000 dilution. Calnexin was detected om-chain and for FLAG-tagged-chain at a 1:1 ratio (HeLay,). Forty-
immunoblots using SPA860 at a dilution of 1:2000 in combination with eight hours after transfection, cells were harvested and incubated with mAb
HRP-conjugated goat anti-rabbit Ig& feavy chain-specific) serum at 15-1 (anti-FeRI a-chain), mAb M2 (anti-FLAG-tagged FRI y-chain), or
1:2000 dilution. The HRP conjugates were visualized by using ECL Westwith migG, isotype control followed by incubation with a biotin-labeled
ern blotting detection reagents (Amersham, Arlington Heights, IL). goat-anti-mouse 1gG1 F(8h. Cells were then stained with PE-labeled
streptavidin and subjected to analysis by flow cytometry comparing isotype
control staining (open histogram) to test mAb staining (shaded histogram).

Fluorescence Intensity

Digestions with endoglycosidase H (Endo H)

Immunoprecipitated samples were denatured at 100°C for 5 min in 100
mM sodium acetate (pH 5.5), 1% SDS before 10-fold dilution in 200 mM

sodium acetate buffer (pH 5.5). Samples were then incubated in the pregom the cell membrane by only an additional eight-residue se-

ence or absence of 10 mU recombinant Endo H (Boehringer Mannheim ised of Ala3 lus th titutive N-t
for 16 h at 37°C in the presence of protease inhibitors as described abov: uence (comprised of an Ala3 spacer plus the constitutive N-ter-

Digested samples were concentrated using Microcon 10 spin concentratof8inal y-chain sequence LGEPQ). Hence, the FLAG epitope is
(Amicon, Beverly, MA) according to the manufacturer’s instructions, frac- relatively accessible to mAb association within the assembled
tionated by 15% SDS-PAGE followed by immunoblot analysis. FceRI avy, receptor complex on the cell surface. The greater flu
orescence intensity seen fgichain surface expression compared
with a-chain might be explained by the simple fact that one
a-chain molecule is assembled with a dimernethains thus pro-
ducing a 1:2 molar ratio of:y at the cell surface. Alternatively,
pM2 mADb binding in the FACS staining protocol used may occur

Results
FceRI a- and y-chain transfection and subcellular localization

To determine the requirements for assembly of the humaRIFc
avy, receptor, we used transient transfection of HelLa cells wit o . X
expression plasmids for the &l a- and y-chains. Thea-chain ~ more efficiently than the mAb staining ofchain.

construct incorporated the myc epitope tag (38) and was positioned " @greement with our FACS data (Fig. 1) and with another
at +1 of the mature polypeptide. Thgchain construct was ex- study employing transiently transfected COS cells (34), we ob-

pressed from the same vector as thehain (pcDNA3.1) and in- served pronounced su_rface expression cﬂR?ax-chfs\in in HeLa
corporated a different epitope tag (FLAG), again positioned at the&€llS cotransfected with both BRI a- and y-chains, but not

N terminus of the mature protein, to allow detection of cell surface®-chain-only transfectants, by immunofluorescence microscopy
expression of they-chain for the first time. To monitor the effi- (data not shown). To identify the fate of taechain, we examined
ciency of the transfection, the cell surface expression of both subthe subcellular localization of transiently transfectedemic
units was analyzed 48 h after transfection by flow cytometry. Thex-chain in the absence of-chain. Transfected and subsequently
percentage of cells expressing the myc-taggechain and the Permeabilized HelLa cells were simultaneously labeled with an Ab
FLAG-taggedy-chain on the cell surface were measured by flu- specific for the ER-resident chaperone BiP (Ig heavy chain binding
orescence intensity of fluorochrome-labeled secondary detectioprotein) and a mAb, 15-1, recognizing native humaneRfic
reagents. In agreement with published data (39), transfection of-chain. Using confocal microscopy, we observed distinct colo-
FceR| a-chain alone did not produce significant surface expressiorgalization (yellow) ofa-chain (green) with the ER-resident protein
as judged by comparison of anti#Rla mAb staining to isotype  Grp 94 (BiP), which was visualized with a red emitting fluoro-
control and a mock transfection controls (Fig. 1). As expectedchrome (Fig. 2). Binding of mAb 15-1 is an indication of correct
cotransfection ofx- and y-chains produced high density surface folding of nascent-chain because this mAb is thought to bind to
expression of-chain and with a high percentage (nearly 70%) of a conformationally sensitive epitope (40) that also overlaps with
the transfected cells showing-chain expression. Parallel FACS the conformationally sensitive IgE-binding site (5, 40). These data
analysis revealed pronounceethain surface expression (92% of suggest that, in the absenceyethains, expression of the-chain
cells) in cells transiently transfected with bath andy-chains. It  leads to measurable accumulation in the ER compartment and in a
is notable thaty-chain could be detected on the cell surface givenstate that appears to be folded properly, as judged by asRikc
that the N-terminal eight-residue FLAG epitope tag is removedmAb binding.
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anti-BiP anti-FceRla merge

FIGURE 2. Analysis of subcellular localization of ERI a-chain in the absence of-chains by confocal laser-scanning microscopy. Fixed and per-
meabilized Hela cells transfected withdRi «-subunit only were incubated with an Ab (mlgG2a isotype) specific for the ER-resident protein BiP (Grp
78) and anti-FeRl a-chain mAb 15-1 (mlgG1 isotype). The primary Abs were then detected with Texas Red-labeled anti-mouse 1gG2a (red) and
FITC-conjugated anti-mouse 1gG1 (green) secondary Abs. Confocal red and green images (anti-BiP ardRanticRain) were collected and merged

to afford yellow color corresponding to Ab colocalization.

FceRI a-chain immunoprecipitation with 9E10 or IgE The role of glucose trimming on ERI a-chain expression

FceRI a-chain expressed in the absenceyethain was then iso-  Properties

lated from the ER using an Ab (9E10) specific for thengede- ~ We then investigated the effect of glucose trimming on the intra-
rived epitope tag. Placement of this tag at the N terminus of thesellular expression properties of theeRt a-chain. Initial exper-
maturea-chain was designed to allow detection of both folded andiments evaluated-chain transfection in HeLa cells cultured with
partially folded forms of thex-chain, in analogy to the use of a CST, a well characterized inhibitor of the ER-resident enzymes
polyclonal anti-peptide Ab specific to a sequence proximal to theglucosidase | and II, that blocks trimming of glucose residues from
a-chain N terminus (10). Immunoblot analysis revealed a singleconstitutive G N-linked core glycans (Ref. 42; see FigA¥4HelLa
sharp band of 54 kDa specific farchain, compared with a mock cells were transiently transfected withchain and cultured in the
transfection control (Fig. 3anes 2and 1, respectively). Impor-  presence of CST before immunoprecipitation with IgE and anal-
tantly, immunoprecipitation of the ER-residemtchain could also  ysjs by immunoblotting. In CST-treated cells, anchain band
be accomplished with IgE-Sepharose (FigaBe 4. In agreement  (FceR|a,~5%) was observed migrating with a distinctly higher ap
with the data shown in Fig. 2., binding of nascenthain to IgE  parentk , than that (FeRla,) detected from untreated cells (Fig.
provides evidence that a significant portion of ER-localizedp |anes 2and1, respectively), consistent with the expectation of
a-chain exists _in a properly _folded state, and without a_requiremeng1 higher m.w. for the untrimmed Gylycoform. Significantly, the
of FceRI y-chain coexpression andy2 assembly. As afinal char- - ntimmed G a-chain glycoform could be readily isolated by
acten;atlon effqrt, we conflrrr_led_ that the isolated E_R-resndentoinding to an IgE-Sepharose matrix suggesting that the nascent
a-chain had achieved constitutiielinked core glycosylation (41) a-chain had achieved a native fold capable of ligand binding ca-
by deter_mination of sensitivity to treatment with either jack t_’eanpacity, beforenitiation of constitutive glucose trimming and ER
mannosidase (data not 3“9""”) or Endo H '(see belqw), which Ir31uality control processes. Furthermore, under the immunopre-
both cases afforded amchain product that migrated with a lower cipitation conditions employed (excess IgE), the untrimmed G
apparenk, (~10 kDa) by SDS-PAGE. a-chain and the constitutive Gor G,) form accumulated in the
ER to approximately the same extent, as judged by the similar
immunoblot band intensities, suggesting that thega®d G, (or
G,) glycoforms may exhibit similar intracellular stability
characteristics.

To extend the foregoing analysis we evaluated the effect of CST
on CHO cells stably transfected with thedRt «-, 8- andy-sub-
units (CHO«aBvy2; Ref. 6). A profound difference in the immuno-

HeLa mock
HeLa o
HeLa mock
HeLa o

IP: anti-FceRI o0 IgE

2
kD ] >4 blot pattern of IgE immunoprecipitated-chain was found be-
%gg: - e -1gG tween CST-treated and -untreated Ckif3y2 cells (Fig. €). In
85 - : the absence of CST treatment, a broad 60- to 70-kDa signal was
found that is characteristic of the heterogeneous, Golgi-processed
45 - - == —FeeRlagg a-chain glycoforms (FeRI agg, lane ) that are typically ex

pressed on the cell surface. In addition, a discrete bane5f
FIGURE 3. IgE binding to ER-localized FeRl a-chain. Hela cells  kDa, characteristic of the ER-residerthain glycoform, was also
were either mocktransft_ected or transfecte_d witeFHa-chain containing detected (FeR| agg, lane 1). Treatment of the immunoprecipi
an N—termln_al omyc epitope ta_g._ Forty—e_lght hqurs after transfection, tated product corresponding tane 1with Endo H had no dis-
FceRI a-chain was immunoprecipitated using anting.c9E10 mAb (des- cemable effect on the Golgi-processedeRty form (FceRI

ignated anti-FeRla) or IgE and then fractionated under nonreducing con-

ditions by 12.5% SDS-PAGE. ERla was detected on subsequent immu- colg): @S €xpected, whereas the 54-kDa band was converted to a
noblots using anti-RRI a-chain mAb 19-1. The position of the m.w. ower m.w. form of less than 30 kDa (ERlagg"*?", lane 3,
marker as well as the positions of ER-residen¢fca-chain (FeRI agg) corroborating the ER localization of thischain isoform. In con-

and IgG are indicated. trast immunoprecipitation ak-chain from cells treated with CST
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A B

G3 - G2 — GlI IP: IgE

FyTr i
it B kD

Endo H( r®)

85-
i s -FceRl o,
-FceRI
45- *eR

+
* D . ani-cNx
CST: — +
w ! 2
127- -
- \JFceRI(xGolgi 85- ’ . CNX
FceRI o
FceRI o

o - FceRI aERdegly

FIGURE 4. Inhibition of glucose trimming of\-linked core glycans with CST and its effect on the electrophoretic pattern eéRlFe-chain. A,
Schematic structure of 5G,, and G N-glycans. Trimming of the terminal glucose residues\blinked core glycans in the ER is inhibited by CST. All
ER-localizedN-glycans (G-G) are sensitive to treatment with Endo Bl. HeLa cells transiently expressingdRi a-chain alone were cultured for 48 h

in the presence or absence of 30@/ml CST. FeRI a-chain was isolated from cell lysates with IgE and then analyzed on a nonreducing 12.5%
SDS-polyacrylamide gel. ERI a-chain was detected on the immunoblot using the anéRFe--chain mAb 19-1.C, CHO afy, cells were cultured in

the presence or absence of 3@/ml CST for 24 h. Cells were lysed anddRl a-chain was immunoprecipitated with IgE. Samples were heat-denatured
and then incubated at 37°C for 16 h in the presence or absence of Endo H before analysis on a nonreducing 15% SDS-polyacrylaaiitie-gblaifc

was detected on the immunoblot using the an&Mca-chain mAb 19-1. The positions of the m.w. markers are indicated as well as the position of
Golgi-processed, cell surface &Rl a-chain (FeRI agy), ER-resident FeRI a-chain (FeRI agg), ER-resident FeRI a-chain with untrimmed glucose
residues (FeRlag:?), and deglycosylated ER-residenteRt a-chain (FeRI azr degly).D, Calnexin was immunoprecipitated from lysates of CHy,

cells that were cultured in the presence or absence of @l CST for 24 h. Immunoprecipitates were analyzed on a nonreducing 12.5% SDS-
polyacrylamide gel using anti-calnexin polyclonal serum. The positions of the m.w. markers as well as the position of the calnexin band are indicated

afforded only a relatively sharp band 6f64 kDa (FeRlazg">, Effect of glycosidase inhibition on ERI ay2 cell surface

lane 3. As before, evidence that thig-chain glycoform corre- expression

sponds to an ER and not Golgi product was demonstrated by Sefge then appraised the effect of CST-treatmenterhain surface
sitivity to Endo H treatment, which afforded anchain product o5 ression inwy2-transfected HeLa cells. HeLa cells were tran-

with a markedly reduced, (comparelanes 3and4). To control — gienyy cotransfected with- and FLAG+y-chain plasmids as well

for potential CST-derived artifacts, we determined that essentiallydS a plasmid encoding GFP using logarithmically growing HeLa
equivalent amounts of a constitutive ER protein (calnexin) could

be immunoprecipitated from cells cultured with or without CST
(Fig. 4D), indicating that CST treatment did not intrinsically alter

CHO o
protein biosynthesis. Pr2

Effect of glycosidase inhibition on ERI «y2 cell surface -CST
expression

Aliquots of the CST-treated and -untreated Cli@y2 cells were

also analyzed by flow cytometry to appraise the effect of glycosi-
dase inhibition orx-chain surface expression. The number of re-
ceptors expressed on the cell surface surface was reduced by
nearly 50% upon CST treatment (Fig. 5,CST). After a 24-h
incubation with CST, a new population of éRla™-positive cells
appeared expressing approximately an order of magnitude lower
mean fluorescence intensity than that found for the untreated re- Fluorescence intensity
ceptor. A similar observation was made upon coculture of CHO
afy2 cells with tunicamycin (data not shown). In parallel exper-
iments, we also observed a qualitative increase in ER localizatio HO apy, cells were cultured for 24 h in the presence or absence of 300

of a-chgln in CST-treated CH@py2 cells, as assessed using con- wg/ml CST. Cells were harvested and incubated at 4°C with arfRFc
focal microscopy (data not shown). Taken together, these data sug:-nain mab 15-1 (shaded histogram) or migG1 isotype control (open
gest that inhibition ofx-chain glucose trimming affects either the nistogram), followed by the incubation with biotin-labeled goat-anti mouse
assembly or transport competency of thgy2 complex leading to  1gG1 F(ab),. Cells were labeled with streptavidin-PE and analyzed for
attenuated cell surface expression. FceRI a-chain surface expression by flow cytometry.

1® 10! 10?2 100 10t

Cell numbers

+CST

100 10! 102 100 10

FIGURE 5. Inhibition of glucose trimming ofN-linked core glycans
ith CST and its effect on the cell surface expression afRfax-chain.
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cells that had been precultured with CST for 4 h. After transfectionsion in the absence of thg-subunit. A truncatedx-chain was
and additional culture (48 h) in the presence of CST, the cells wereonstructed lacking the C-terminal 16 residues of the CD that in-
tested for bothy- andy-chain surface expression by flow cytom- cluded the-7 and—3 lysine residues. Expression of this truncated
etry. As shown in Fig. A (HeLa «,,y2), a-chain surface expres «a-chain, designatedt, in transfected HelLa cells was detected on
sion was significantly reduced in CST-treated cells compared wittithe cell surface in the absencewthain cotransfection (Fig./8
untreated cells (18% and 288&schain positive cells, respectively). Hela at, -CST). This finding indicates that the deleted CD se-
At the same time, the level gfchain expression showed a discrete quence represents most or all of the principle determinant involved
increase (from 49% to 58% of transfected cells) in the CST-treateih ER localization and appears to show that the TM domain con-
cells. To establish whether these results were derived from differtributes relatively little to the ER retention mechanism. As such,
ent transfection efficiencies resulting from CST-treatment, com+he truncated:-chain represents a simplified model for the study of
pared with untreated control cells, we measured the level of transa-chain biosynthesis and cell surface transport. Therefore, we
fection efficiency based on intracellular expression of GFP. Astested the effect of glucosidase inhibition @nexpression in cells
shown in Fig. 8, the percentage of GFP-positive cells was essen-<cultured with or without CST. We observed a prominent reduction
tially the same with or without CST-treatment, suggesting that (75%) in at surface expression (FigA6HelLaat, +CST) in cells
and-y-chain transfection efficiency was not intrinsically affected by cocultured with CST. Importantly, the CST-treated cells showed a

CST treatment. similar transfection efficiency compared with the untreated control
cells, based on the similar GFP expression characteristics [Big. 6

Cell surface expression of a ERI a-chain truncation mutant at). Furthermore, we also measured a significant population of

lacking the C-terminal half of the CD double-positive cells staining for surfaaeand intracellular green

As described earlier, the wild-type &I a-chain cannot achieve fluorescence from cotransfected GFP in non-CST-treated cells

cell surface expression without coexpression and assembly withompared with CST-treated cells (FigC,6comparemiddle and

the F&RI y2-subunit. We hypothesized that deletion of the puta-right panels respectively). Taken together, a consistent cell sur-

tive di-lysine ER localization motif might allove-chain expres- face expression pattern was found tdrand theay2 and afy2
receptor complexes, suggesting a strong link between constitutive
glucose trimming and FRla cell surface expression.

A. Hela owty2 HeLa o¢ o o )
Association of the ER chaperone calnexin withkelRta-chain
| CST The presence and importance of deglucosylatechain glyco-
g ‘ 15-1 . M2 ) forms such as Gand G, in the transport pathway leading to el
g P v I e v lular expression is strongly implied from the foregoing studies. It
= is well established that the , &ER glycoform is the substrate rec
= 15 ss% ognized by ER lectin-like chaperones calnexin and calreticulin
© 151 M2 + CST (43—45). Therefore, we tested whether thehain transfected in
. FSwuall . Hela cells could specifically associate with calnexin as measured
S B I by the capacity to coimmunoprecipitate the two proteins. As
Fluorescence Intensity
B.
O - CST m +CST
e A B
3 8
£ £ 3 g 3
= R i
i 2 2 = 2
L .
& o CwtY2 Ot IP: anti- anti- IP: anti-
FceRI oo  CNX CNX
C. 1 2 3 kD
o 125~ -CNX
5 205 e — —IgG 70-
2 125-
10‘ 10 104 2l()ol()I 10213104 02 l0 lDl3 10‘3 707
GFP GFP GFP e = - FceRlog,
FIGURE 6. Inhibition of glucose trimming oN-glycans and its effect 42.8-

on the cell surface coexpression of wild-typeeRt a-chain ¢, and

y-chains or a FeRI a-chain truncation mutant lacking 16 residues from the

carboxy terminus of the cytoplasmic domaig)( A, HeLa cells, cultured  FIGURE 7. FceRI a-chain is coimmunoprecipitated with the ER-chap-
in the presence or absence of CST, were transiently cotransfected with arone calnexinA, HelLa cells were transiently transfected with an expres-
expression vector for GFP together with expression vectorsyfprand sion vector for the enyctagged FeRI a-chain alone. Cells were lysed and
y-chain @,,y2) or , only. Forty-eight hours after transfection, cells were immunoprecipitations were performed with either 9E10 mAb or with com-
harvested and stained with mAb 15-1, mAb M2, or with a migG1 isotype mercial polyclonal rabbit anti-calnexin sera. Immunoprecipitates were sep-
control for analysis by flow cytometry. GFP-fluorescence was analyzed irarated on a nonreducing 12.5% SDS-polyacrylamide gelRFe-chain

the FITC-channel of the 488-nm las&; The percent of GFPcells was  was detected on the immunoblot using the antMHca-chain mAb 19-1
analyzed as an internal control to monitor the transfection efficiency ofafter 9E10 lane 2 and anti-CNX [ane 3 immunoprecipitation but not in
Hela cells ¢y, ande,) cultured with (filled bars) or without (open bars) mock transfected controlgne 1). The position of the molecular mass
of CST (h = 3). C, Arepresentative example of two-color dot-blot analysis markers and the ER-residentdRi a-chain (FeRI agg) are indicatedB,

of the intensity of GFP and PE fluorescence after 15-1 staining or isotyp&alnexin was detected on the immunoblot using anti-calnexin serum. The
(IgG1) control staining of HelLa cells transiently transfected witrand position of molecular mass markers and the calnexin band (CNX) are
GFP and cultured for 48 h in the presence or absence of CST. indicated.
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shown in Fig. A, the characteristic myc-taggedchain could be  hampered by the presence of only five extracellular residues and
immunoprecipitated from lysates of transiently transfected cellindeed no mAbs have been described for this epitope, although
with mAb 9E10 (ane 2. At the same time, immunoprecipitation polyclonal sera specific for the extracellular domain of the rat
with polyclonal anti-calnexin sera afforded coprecipitation of the ,-chain have been reported (46). To overcome this limitation, we
a-chain, visualized in an immunoblot with an antidRta mAb placed an epitope tag (FLAG) at the N terminus of the mature
(19-1;lane 3. As expected, the same anti-calnexin sera was ef-y.chain and showed that the taggeehain was functional in as-
fective in immunoprecipitation of the endogenous 90-kDa calnexinsemmy and transport of the-chain. Transport competency also
protein as revealed by immunoblot analysis (Fi§) Tising the  jmpjied that constitutive cleavage of thechain leader peptide had
same anti-calnexin sera. In parallel immunoprecipitation experi1ike|y occurred in the expected manner. Interestinglyy-ehain

ments, we could not detect coprecipitationesthain with poly-  ¢onsruct with a similarly positioned RGSH6 epitope tag was
clonal anti-calreticulin sera (data not shown). To our knowledge¢ynd to be at least as functional as the FLAG-taggezhain in

the foregoing analysis is the first demonstration of ER Ch""peronﬁirectingoz-chain surface expression but could not be detected us-
association with a nascent 4Rl subunit or for any subunit within ing a panel of different anti-His6 mAbs (not shown)

the Fc receptor family. We then focused our analysis on the roleNsfinked glycosyl-
ation on expression afy2 andaBy2 receptors in eukaryotic cells

Discussion y targeted inhibition of ER glycosylation. Inhibition of glucosi-

In this study, we examined aspects of intracellular expression ana ;
transport of the individual Rl a-chain as well as FeRl oy, and ases | and |l Iea_ds to accumulation o (j;lycofo_rms (47). In
aBy, receptor complexes. Our experimental approach employe& S‘II'-Freateda-cham_-only trgr_lsfe_ctqnts_th%@-cham glycoform
transient transfection of ERI subunits followed by flow cytom- eXh'b',ted IgE b!ndlng act|V|ty indicating that the. nascehg G
etry and/or immunoprecipitation. In agreement with previous stud-a‘Cha'n has achieved a functlonal fold capable (_)f ligand bm(_:ilpg.
ies (39), FeRI a-chain cell surface expression was dependent orf*S @n important comparison, we evaluated IgE immunoprecipita-
coexpression of-chain with no detectable surfacechain found ~ tion of glucosidase-treated CH&3y2 cells and found a homoge-

in a-chain-only transfected cells using an anteRtw mAb for ~ N€ous SDS-PAGE band of higher apparent m.w. than the ER
detection (Fig. 1). We probed the same transfected cells with &-chain glycoform (Fig. €). Evidence that this product was lo-
mADb (gElo) Specific for the myc epitope tag that had been place&&lized to the ER was demonstrated by Sensitivity to EndO H treat-
at the N terminus of the maturechain and again could not detect ment (ane 4. The apparent lack of highly glycosylated, Golgi-
surface expression of the-chain (data not shown). It was antic- Processedr-chain (ane 3 suggests that comparatively little cell
ipated that the N-terminal tag would be accessible for mAb bind-surfacea-chain was present after 24 h exposure to CST, at least in
ing in either the folded or unfolded state, and thus the absence af form that was detergent soluble and capable of binding IgE.
9E10 binding suggests that little if amychain can achieve surface Although the turnover rate of ERlaBy2 in these cells has not
expression. It has been hypothesized thatttehain is retained in  been quantitated, it seems likely that over a 24-h period constitu-
the ER because of the presence of a nonclassical dilysine ERive FceRI internalization and subsequent degradation of preexist-
retrieval signal located near the intracellular COOH terminus, andng cell surface receptor will occur, in analogy to ratR¢ turn-

that thea-chain is subsequently rapidly targeted for degradationover in RBL cells, which occurs to a significant extent in a 24 h
(34). Our data using confocal scanning microscopy demonstrate geriod, in the absence of bound IgE (minimum half life, 8 h; Refs.
significant signal for ER-localized human éRl «-chain ex- 48 and 49).

pressed withouty-chains (Fig. 2). Furthermore, the intracellular  |nitial evidence for an important role d¥-linked oligosaccha-
a-chain could be isolated from cell lysates through binding to anriges in folding and transport of the &I a-chain came from a
IgE-Sepharose affinity matrix (Fig. 3), suggesting thatdhehain  sydy that showed the dependencéldinked glycosylation on the
can fold properly in the ER before assembly with theubunit.  secretion profile of a truncategtchain consisting of only the ex-
Moreover, the quantity c_)f |ntracellylaf-cha|n isolated V\_nth I9E  tracellular domain (9). We have now analyzed the roldldinked

was comparable to that isolated with the 9E10 mAD (FidaBes v cosylation for export of FeRl to the cell surface. Using the

4 and 2,_respect|v_ely) sugge_stmg that a h'_gh proportion  of thesame strategy as described above, we used CST to block consti-
ER-localizeda-chain must exist in'a nafiveslike form. tutive glucose trimming and appraised the effect orFRiccell

The ER-resident F| a-chaln migrates as a distinct 54-l.<Da surface expression. CST-treated Ckif3y2 cells displayed an or-
band by SDS-PAGE suggestive of a homogeneous product, in cony . . . )
der of magnitude reduction ef-chain cell surface density on more

trast t_o the brc_)a_d signal of the post ER compartment-prpcesset an 50% of the cells (Fig. 5). In addition, the overall decrease in
a-chain, containing heterogeneous complex oligosaccharides de-

rived from Golgi glycosylation. The lack of complex glycosylation constitutive surface receptor is accompanied by the appearance of
suggests that the 54-kDachain glycoform has likely been ac- a new population of cells with reduced mean fluorescence inten-
tively retained in the ER instead of transport to and retrieval fromS1tY: @ finding consistently observed in replicate experiments. The

) e s EPPET
the Golgi compartment (33). It is interesting to compare the fore-2PPearance of a discrete dRla™™ population is intriguing but

going a-chain characteristics to intracellulaschain isolated from ~ Presently not well understood. What is clear from the FACS anal-
cells shown to be devoid of cell surfaceeRt. A considerably ~ YSiS iS that glucosidase inhibition afforded a profound reduction in
more complex SDS-PAGE/immunoblotting profile @fchain im- overall F&RI a-chain cell surface expression. This finding is in
munoprecipitated from either LC (23) or eosinophils (26) wasagdreement with the reported decrease in cell surface expression of
found suggestive of additional carbohydrate processing that, ifiodent FeRI afy2 in CST-treated rat basophilic leukemia cells
turn, implies that thex-chain in these cells is retrieved to the ER (50) and CST-treated cells expressing the insulin receptor (51). In
from post-ER compartments. the latter study, a 24-h incubation period resulted in a 50% reduc-

We then analyzed cells cotransfected withand y-chains for  tion of surface receptors. Similarly, a CST-induced decrease (40%)
cell surface expression efy2 receptors by flow cytometry using in expression of the integral membrane low-density lipoprotein
mAbs specific for the extracellular domains of the individual re- receptor has been reported and ascribed to a mechanism involving
ceptor subunits. Direct detection gfchains on the cell surface is receptor redistribution (52).
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CST-treatment of HeLa cells cotransfected withandy-chains  the assembly of the MHC class | complex, glucose trimming of
also produced a pronounced reduction oéfca-chain cell sur-  glycans is not necessary for assembly and export to the cell sur-
face expression (Fig. 6). In these experiments, we also monitorethce, although important for the association of free heavy chains
the level of FLAG+-chain surface expression and observed com-with calnexin (57). Studies using either a calnexin-deficient cell
parabley-chain expression with or without CST treatment, sug-line (58) or glucosidase ll-deficient cells (57) demonstrated effi-
gesting that glucosidase inhibition does not intrinsically alter decient expression of MHC class | proteins. Thus, alternative path-
novo protein synthesis. From this, we infer that the CST-dependenways within the ER quality control system exist to assist MHC
differences ina-chain expression are derived solely from differ- class | assembly. Inhibition of ERla glucose trimming by CST
ences in the level of glucose trimming. At the same time, we obded to reduced cell surface expressionafy2, ay2 and anat
served a reproducible increaseyrchain expression in the CST- truncation mutant. The possibility thatchain association with ER
treated cells. This finding suggested the possibility thattiebain lectin chaperones such as calnexin may serve as a critical check-
might be transport competent in the absence of constitutively propoint in the generation of new transport-competent receptor mol-
cessedxr-chain. Indeed, in preliminary studies, we have observedecules is currently under further investigation.
that y-chain-only transfected HelLa cells show a strong pattern of
cell surface expression measured by flow cytometry (data noAcknowledgments
shown), a finding that we are currently analyzing in further detail. We thank A. Forcada-Lowrie for technical assistance and Dr. F. Zenke for

We also detected a significant level of cell surface expression offielpful discussions. CHO cells that stably express the humaRIFeBy,

a truncatec-chain (¢t in Fig. 6) withouty-chain cotransfection. receptor were generously provided by Dr. J.-P. Kinet. The preparation of
The capacity ofxt to achieve surface expression suggests that th@ligonucleotides and DNA sequencing was performed in the MEM DNA

ER localization motif must be the principle determinant involved core laboratory funded through the Stein Foundation. This is The Scripps
in ER retention and that the TM domain exerts comparatively little

Research Institute manuscript number 12517-MEM.

effect. Furthermore, we observed a sharp reduction (75%) in Ce'heferences

surface expression eft in cells treated with CST, suggesting that
the same glucose-trimming mechanism operative in ER quality 2.
control of the constitutivex-chain is also operative int surface
expression. Taken together, our data suggest that the ER-expo#,
signal for FeRI is stringently regulated by both 1) the number of
terminal glucose residues present on core oligosaccharide units ojL
thea-chain, and 2) the presence of an ER localization signal in the
a-chain CD. Achievement of a transport competenthain may

be more under the control of thechain ER dilysine localization
signal than TM domain-mediated effects although, like the struc-
turally related FgRIll a2 receptor (53), the stable assembly of &
the F&RI a- and y-chains is likely mediated through the TM do-
mains of the two subunits (34). Assuming that tixehain glyco-
form can assemble normally with homodimenechains in the
untrimmed G state, then masking of the-chain dilysine ER lo
calization motif by they-chain is a necessary but insufficient signal 8
for export of F&RI complexes. 9

Glucose trimming of theN-linked glycans likely serves as a
critical checkpoint for continuation along the secretory pathway. 1
Monoglucosylated Gglycoforms are potential substrates for-lec
tin-like ER-chaperones such as calnexin and calreticulin, well es-
tablished components of the ER quality control network (45) that'™
act to assist and promote nascent polypeptide folding before fur-
ther deglucosylation (to the3orm) and export from the ER (54). 12
We postulated that the constitutive EReR¢ a-chain G glyco-
form might associate with one or more of the lectin-like chaper-13.
ones and demonstrated that anti-calnexin antisera could coimmu-
noprecipatea-chain and calnexin from lysates of Hela cells 14
transiently transfected with only thechain (Fig. 7). At the same
time we could not detect coprecipitation @fchain using antisera
against the 60-kDa ER lumenal protein calreticulin and Grp78
(data not shown). The extent of calnexin and calreticulin associal6-
tion with a-chain expressed as either ag2 or a3y2 receptor is
currently under investigation.

It is informative to compare the requirements foreRt export
to that of other multisubunit receptor complexes such as TCR 0fg.
MHC class | proteins. The comparison ofdRt with TCR is es-
pecially interesting because both receptors can use either thle9
{-chain dimer or the FcR-chain dimer in assembly and as a signal
transduction subunit (55). In this case, glucose trimming was dem-
onstrated to be essential for the stability of nascent t@fRain in
the ER and its association with TCRchain (56). However, for
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