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Abstract. The distribution of the glycosyl- Introduction
phosphatidylinositol (GPI)-anchored folate receptor (FR)
in a diffuse pattern vs. functional clusters associated withrhe folate receptor (FR) is the only known transport
caveolae has been debated. The equivocal nature of Qiyrotein that is anchored to the plasma membrane by gly-
rect localization studies is due to possible experimentatosyl-phosphatidylinositol (GPI) (Cross, 1990). The re-
artifacts such as cross-linking of the protein by the anti-ceptor is N-glycosylated with a polypeptide molecular
body probes prior to fixation and alternatively the use ofweight of approximately 28,000 and binds one molecule
a disruptive fixation method. Such studies have alsoof folate per receptor molecule (Antony, 1992). The re-
been complicated by the use of cells that vastly overexceptor mediates energy dependent uptake of folate com-
press FR. In this study a monovalent probe, i.e., a biopounds into cells. Multiple tissue specific isoforms of
tinylated folate affinity analogue was used to covalentlythe receptor, whose primary structures are 70-80 percent
label FR. Cells expressing moderate levels of FR, i.e.identical have been identified (Ratnam et al., 1989;
JAR epithelial cells expressing FR-and recombinant [acey et al., 1989; Elwood, 1989; Brigle et al., 1991;
CHO fibroblasts expressing FR-were used. The affin- Shen et al., 1994, 1995;: Ross, Chaudhuri & Ratnam,
ity label and either caveolin or antigenic sites on FR were1994). FRe (epithelial tissues) and FR-(nonepithelial
localized by electron microscopy using colloidal gold tissues) are GPI anchored (Yan et al., 1995) whileyFR-
conjugated antibody probes post-embedding in the relgis a secretory protein (Shen et al., 1995).
tively permeable LR White resin. The method avoided The completely extracellular orientation of FR im-
both receptor cross-linking and early fixation steps anchlied by a GPI membrane anchor has led to the proposal
also enabled the use of transport permissive conditiongf a novel mechanism for FR mediated folate transport
while labeling FR at the cell surface. The results indicateand is termed potocytosis (Anderson et al., 1992; Ander-
that in steady-state FR is not significantly colocalizedson, 1993). The hypothesis involves recycling of FR
with caveolin. However, the receptor molecules occurmolecules clustered in caveolin-coated (Rothberg et al.,
predominantly in clusters, independent of cross-linking,1992) pits (termed caveolae) between the extracellular
providing a physical basis for the observed kinetics ofsurface and an invaginated compartment; the acidity of
receptor internalization and recycling during folate trans-this compartment causes receptor-bound folates to be
port. Evidence is also presented to suggest that earljeleased at a high local concentration within the vesicle
mild fixation will disrupt the clustering of FR. (Kamen et al., 1988, 1989; Rothberg et al., 1990). A
V-type proton pump has been implicated in the acidifi-

Key words: Folate receptor — Caveolin — Caveolae — cation step (Prasad et al., 1994). A second membrane

Folate transport — Glycosyl-phosphatidylinositol carrier is invoked to explain folate transport across the
vesicle membrane into the cytoplasm; this carrier is iden-

tified by the inhibitory effect of high concentrations of
I probenecid on the transmembrane folate transport step
Correspondence tayl. Ratnam (Kamen, Smith & Anderson, 1991). Furthermore, such a
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mechanism has been proposed (Anderson et al., 199&helial cells (JAR cells expressing F&-and fibroblasts
Anderson, 1993) for the internalization of other small (recombinant CHO cells expressing BR{CHO-FR{)
molecules including potential signaling molecules gen-were chosen for the studies based on their moderate FFR
erated from glycosyl-phosphatidylinositols in responseexpression levels.

to peptide hormones and growth factors (Low & Saltiel,
1988; Saltiel, 1991; Misek & Saltiel, 1992). A variety of
GPIl-anchored proteins have been proposed as candidat
for potocytosis by virtue of their proposed association
with caveolae, which are known to occur in a variety of CHEmicALS

cell types. Cell surface localization of GPI-anchored

proteins is also important in view of the proposed assod*Hlfolic acid was purchasec_i from Moravek Bioche_micals, Brea, _CA.
ciation of these proteins with the Src family of nonre- Folate free RPMI 1640 medium, Dulbecco’s Modified Eagle Medium

. h . . . (D-MEM), Hank’s balanced salt solution (HBSS), fetal bovine serum
ceptor tyrosine kinases Lck and Fyn, trimeric G protems( ) ( )

) . (FBS), penicillin-streptomycin, glutaminesproline, lipofectin and ge-
and S_ma” G proteins (Stephanova et al., 1991; Cinek &neticin were obtained from GIBCO BRL, Grand Island, NY. RPMI
Horejsi, 1992; Shenoy-Scaria et al., 1992, 1993; Brown,1640 medium was purchased from Irvine Scientific, Santa Ana, CA.
1993; Lisanti et al., ]_994) and the potential significanceMethotrexate (MTX), adenosine, deoxyadenosine, and thymidine were
of such noncovalent detergent insoluble complexes ifffom Sigma Chemical, St. Louis, MO.

GPI-protein mediated signal transduction events. How-

ever, b|ochem|gal studies demonst_ratlng the presence &{nTiBODIES

GPI-protein enriched detergent resistant membrane frac-

tions cannot exclude the possibility of formation of such Purified placental FR was immobilized on AH-Sepharose (Pharmacia)
complexes as an artifact of the detergent extraction proand the fraction of the 1gG in a rabbit antiserum to FR that specifically
cedures (Casey, 1995: Mayor & Maxfield, 1995)_ bound to the immobilized FR was purified as described (Ratnam et al.,

Direct elect . ic studi e th 1989). Affinity purified polyclonal rabbit anti-caveolin antibody was
Irect electron microscopic studies examining epurchased from Transduction Laboratories, Lexington, KY. EM grade

possible clustering and association of GPl-anchored progoid conjugates, goat anti-rabbit I9G (5 nm gold), and goat anti-biotin

teins with caveolae are also subject to potential experi¢10-nm gold) were obtained from Ted Pella, Redding, CA, while goat

mental artifacts. The initial data (Rothberg et al., 1990;anti-rabbit IgG (10 nm gold) was from Amersham Life Science, Ar-

Ying, Anderson & Rothberg, 1992) on direct localization !ington Heights, IL.

of FR in caveolae was attributed (Mayor, Rothberg &

Maxfield, 1994) to cross-linking and mobilization of FR Cg | CuLTurE

molecules by the primary, secondary and tertiary (col-

loidal gold conjugated) antibody probes prior to fixing All culture media were supplemented with 10% FBS, 100 units/ml

the cell surface proteins. It was shown that by introduc—pe”if]”””'dl(f’oﬂgl/'r' S"_em‘";‘ycm g”‘ljt 2 '““é'?l'm?mi”?é Ci”'sllwel:/TD)

. s - urchased from American e Culture Collection (Rockville,

Ing an additional fixation St?p (3% pe}raformaldehydeﬁnless otherwise indicated. XER cells were grown in RPMI 1640 me-

and 0.5% glutaraldehyde) prior to addition of Secondarydia. CHO cells deficient in dihydrofolate reductase (CHO-dicklls)

antibody, the clustering of FR molecules was lost; in-were grown in D-MEM supplemented with 150 mg/L wproline, 10

stead, the localizing gold particles appeared to be difmg/L of adenosine, 10 mg/L of deoxyadenosine, and 10 mg/L of thy-

fusely distributed on the cell surface (Mayor et al., 1994).midine. CHO cell transfactants containing the neomycin resistance

The latter method may in turn be criticized because of theJene were grown in the above medium containing 1 mg/ml geneticin
(active concentration: 0.7 mg/ml). Transfectants containing both the

pOtentlaI dlsrumlon of receptor clusters due to the addl_neomycin resistance gene and the dihydrofolate reductase gene were

tional early fixation step. grown in the above medium with @m MTX instead of nucleosides.
The present study was designed to directly localizejaRr cells and recombinant CHO cells were alternately grown in folate

FR molecules in relation to one another and to caveolirfree RPMI 1640 supplemented with the appropriate reagents, as de-

by a method that would avoid mobilization of receptor scribed above.

molecules in a manner that could potentially cause either

receptor clustering or dissipation of molgcules frqm Pré-propuUCTION OF RECOMBINANT CHO CELLS

existing receptor clusters. Furthermore, it was of interest

to localize FR molecules by labeling at the cell surfaceThe cDNA for FRg was placed at the Xbal site in the polylinker

under transport permissive conditions. It was also desirregion of the expression vector pcDNAIneo (Invitrogen), and the re-

able to avoid potential mistargeting of receptor mol- sulting plasmid (FR3-pcDNAIneo) was amplifieq irescherichia coli

ecules that may be expected in overexpressing systeméc1061/p3.CHO-dhir" cells were transfected with FB-pcDNAIneo

using lipofectin. Transfectants expressing the neomycin resistance

(R”nbOUtt etal., 1996)' These ObJeCtlves were accom_gene were selected in the presence of geneticin (1 mg/ml) for 20 days.

plished bY u?’ing amonovalent biminylated fo"".‘te aﬁinity The cells were then transfected with a second plasmid (pSV2) contain-
analog (Biotin-SS-Folate) and a post-embedding methoghg the dhfr gene (pSv2-dhfr). This plasmid has a DNA sequence that
of probing with antibodies. Different cell types i.e., ep- is in part homologous to that of pPCDNAIneo. The genes in the trans-

Mbaterials and Methods
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fected cells were amplified by stepwise selection in MTX (10 nM-2 goat anti-rabbit antibodies according to the procedure described previ-
wMm). Stable CHO cell transfectants were cloned by serial dilution.  ously (Wang et al., 1992).

TRANSPORTMEASUREMENTS OF[*H]FoLic AciD ELECTRON MICROSCOPY

Cells were grown in folate free-RPMI 1640 medium for at least 48 hr Cells were first washed successively at 4°C with HBSS, acidic buffer
before this procedure. Cells were first washed successively at 4°C withPH 4.7) and HBSS. Activated Biotin-SS-Folate (2¢) was added to
Hank’s balanced salt solution (HBSS), acidic buffer (18 spdium 1 ml of HBSS in a 35-mm tissue culture well containing 1-2 ® 10
acetate, pH 4.7/150 msodium chloride/7 m p-glucose) and HBSS in cells. After incubation at 37°C for 2 hr, cells were washed with cold
order to remove endogenous receptor bound folate. The cells wergcidic buffer to remove the noncovalently bound probe, followed by
incubated at 37°C and 5% G@or 2 hr in folate-free RPMI 1640 washing with HBSS. The cells were then fixed with 3% glutaraldehyde
medium containing 5% Norit A charcoal treated fetal bovine serum andfor 30 min. After_washlng with 0.21 sodium caco_dylate (pl_-| 7.2) _and
50 nvi [*H]folic acid. The cells were then acid washed as above angalcohol dehydration, the cells were embedded in LR-white resin, and
trypsinized. The radioactivity due to internalized folate was deter-Polymerized at 55°C for 2 days. The sections were first treated with
mined by liquid scintillation counting. Specificity of uptake of the PBS containing 1% bovine serum albumin (BSA) for 15 min. To de-
labeled compounds via FR was ensured using negative controls ifeCt Biotin-SS-Folate, the sections were probed with 10 nm gold con-

which the cells were incubated for 10 min with excess unlabeled foliciugated goat anti-biotin antibody (1:100 dilution) for 1.5 hr. Caveolin
acid prior to the addition of the labeled compounds. was detected by incubating with rabbit anti-caveolin antibody (1:250

dilution) for 2.5 hr, followed by incubation with 5 nm gold conjugated
goat anti-rabbit IgG (1:100 dilution) for 1.5 hr. To detect antigenic

SYNTHESIS AND ACTIVATION OF BIOTIN-SS-FOLATE sites on FR, sections were probed with affinity purified rabbit poly-
clonal antibodies to FR-for 2.5 hr, followed by the 5 nm gold con-

Biotin-SS-Folate was synthesized as described previously (Fan et atgated goat anti-rabbit IgG for 1.5 hr. All of the antibodies were
1991). For activation, the compound (0.8 mg) was dissolved inu100 d|_|uted in PBS containing 1% BSA, _and th_e gnds_were washe(_J 5 times
of dimethylsulfoxide (DMSO), diluted in 20 ml deionizedzﬁ (pH with the same buffer betWeen- -an“body InCul?atlonS. The gl’ldS_WeI’e
adjusted to 7.5), and loaded on a,@artridge; the bound compound €X@mined under a CM-10 Philips electron microscope. The primary
was protonated by passir2 L of 2%acetic acid through the cartridge, antibody probes were omitted in certain negative controls.

and eluted with 0.05% trifluoroacetic acid/50% acetonitrile; the com- Two alternative methods were also used to visualize FR mol-
pound was dried and dissolved in 190 DMSO; 1 ul of 100 mw ecules by electron microscopy. In one, the cells were initially fixed

N-hydroxysuccinimide (NHS) and Jul of 100 mu 1-ethyl-3-(3- with 3% paraformaldehyde/0.5% glutaraldehyde followed by incuba-
dimethylaminopropyl)-carbodiimide (EDAC) were added talf the tion in HBSS for 1 hr at room temperature. The cells were then fixed

protonated probe, mixed thoroughly, and incubated in the dark for 1 hiVith 3% glutaraldehyde and embedded in LR White resin as previously
at room temperature before use. described. The sections were first treated with PBS containing 1%

bovine serum albumin (BSA) for 15 min. To detect antigenic sites on
FR, sections were probed with affinity purified rabbit polycolonal an-

DETERMINATION OF COVALENT LABELING EFFICIENCY OF tibodies to FRg for 2.5 hr, followed by the 10 nm gold conjugated goat

ACTIVATED BIOTIN-SS-FOLATE anti-rabbit IgG for 1.5 hr as described above.
In the second procedure, the cells were incubated with the pri-

mary antibodies for 30 min at room temperature, followed by the
secondary (10 nm gold conjugated) antibodies for 30 min at room
?emperature. The antibodies were diluted in HBSS containing @0 m
NaN; and 1% BSA, and the cells were washed in the same buffer 3
times between antibody incubations. The cells were then fixed with
3% glutaraldehyde and embedded in LR White resin. The sections
were examined under a CM-10 Philips electron microscope.

Crude membrane preparations from CHO-gRind JAR cells were
prepared as previously described (Wang et al., 1992). Membrane
equivalent to 1.1 pmol of FR-(CHO-FR$ cells) or 2.9 pmol of FRx
(JAR cells) were incubated in 0.5 ml of HBSS at 37°C with or without
16 pl of activated Biotin-SS-Folate for 2 hr. The membranes were then
sedimented, and resuspended in 0.5 ml of acid buffer (&0Osodium
acetate pH 3.5, 150 msodium chloride) to remove noncovalently
bound probe. The membranes were sedimented, resuspended in HBSS
containing 4pm [*HJfolic acid and incubated for 15 min at 37°C. - .
The membranes were then sedimented and dissolved in 0.5 ml PBS (1lgeSU|tS and Discussion
mm sodium phosphate buffer, pH 7.5/150unsodium chloride) con-

taining 1% Triton X-100 and the radioactivity was measured by liquid FUNCTIONALITY OF FR IN CHO-FR$ AND JAR CELLS
scintillation counting.

Prior to undertaking studies of the localization of FR in
WESTERN BLOT ANALYSIS CHO-FR$ and JAR cells it was necessary to establish

that the FRs in these cells are capable of transporting
Crude membrane preparations from CHO-BRnd L1210 cells were  folate. Specific receptor-mediated folate uptake was
prepared as previously described (Wang et al., 1992). The total memmeasured in the cells by measuring the amoun:ﬂeb]‘f{)-
brane proteins from CHO-FR-cells (0.5u0) or L1210 cells (100)  |ic acid that was internalized in 2 hr at 37°C at a physi-
were electrophoresed on a 12% SDS polyacrylamide gel. A humarblogically relevant concentration (5@ and that could

endothelial cell lysate (provided by Transduction Laboratories) was~ 3 " : . .
used as the positive control. After transfer to nitrocellulose, the filterbe inhibited by excess unlabeled folic acid (Flg. 1)- In

was probed with the affinity purified polyclonal anti-caveolin antibod- addition, the receptor mediation oH]folic acid uptake
ies (1:2000 dilution) and secondary alkaline phosphatase conjugateth CHO-FR{ cells was established by comparison with
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polyclonal antibodies to caveolin, a single protein band
of apparent Mr 22 kDa was obtained (Fig. 4). The band
showed the expected mobility for caveolin in endothelial
cells (positive control); the protein was also absent in the
1.0 membranes of L1210 lymphocytes that do not contain
caveolae (negative control) (Fig. 4). Further, as dis-
cussed below the antibodies did not interact with cellular
proteins in L1210 cells under the experimental condi-
tions used for electron microscopy in this study. The
results demonstrate the specificity of the antibody probe
for caveolin.

internalized

(pmol/10€ cells)

LocALizATION OF FR IN RELATION TO CAVEOLIN

[3H]Folic acid

Folate receptor molecules accessible at the cell surface
were labeled covalently with the monovalent Biotin-SS-
T Folate under transport permissive conditions. The cells
0.0 were then fixed with 3% glutaraldehyde as in the proce-
Cells oty O TRE AR dure of Rothberg et al. (1990) followed by embedding in
LR White resin because this medium is relatively per-
Fig. 1. [*H]Folic acid uptake in parental CHO cells, CHO-FReells  meable to colloidal gold conjugated antibody probes.
and JAR cells. The cells were incubated with 50 n]folic acid in The sections were probed with antibodies without prior
folate frge RPMI 1640 medium with 5% Norit A charco.al trgated FBS gsmication to preserve antigenicity and because osmica-
at 37°C in 5% CQfor 2 hr. The cell surface boundHlfolic acid was iy i known to result in reactivity with LR White resin.
removed by treatment at low pH, and the intracellular radioactivity was . .
measured as described under Methods. The negative control sampl,g—sreatmem with uranyl acetate was a'_SQ avoided _because
were treated with excess unlabeled folic acid. it rapidly generated background staining that hindered
visualization of colloidal gold particles. The biotinylated
affinity label was localized directly using 10 nm gold
the uptake by parental CHO cells which was relativelyconjugated anti-biotin antibody. Either FR or caveolin
insignificant (Fig. 1). These results demonstrate thatvere localized using the appropriate affinity purified
both FRg in CHO-FR43 cells and FRa in JAR cells are  polyclonal antibody followed by 5 nm gold particle con-
functional. jugated secondary antibody. Although this post-
embedding technique using LR White did not allow mor-
phological characterization of cellular substructures in-
cluding caveolae, it was suitable for examining possible
spatial relationships among FR molecules and between
FR and caveolin. Despite the experimental limitations

The N-hydroxysuccinimide ester of Biotin-SS-Folate . A
(Fig. 2) was used in this study to covalently label FR _descrlbed above, the method used in this study for local-

over a 2-hr period at 37°C following specific binding to izing FR a_nd caveolin prowded_ a unique advan_tage in

; that experimental procedures in previous studies that
the receptor at the cell surface. To determine the label- . o
. e . could potentially cause receptor mobilization could be
ing efficiency under these conditions, membrane prepaz, .ded
rations from CHO-FR3 and JAR cells were used (Fig. ‘

3). In this experiment the extent of covalent labeling of The JAR edpl_thellal cell Iw(;e th'.cdh ne}turally ex
FR was determined by measuring residd]folic acid presses FReand is a suggested candidate for potocyto-

binding sites at the end of the reaction. At saturatingSIS (Prasad et al.,, 1994) was used in these experiments

. . ?ince no established nonepithelial cell lines are known to
concentrations of the affinity reagent 23 and 40 percent, ress a sianificant amount of ER. recombinant CHO
respectively of the FR from CHO-FR-cells and JAR b 9 ’

. fibroblasts expressing FR-were used in this study.
cells were labeled (Fig. 3). Both of these cell lines express moderate levels of FR
i.e., 3.4 x 16 and 5.3 x 18 receptors per cell for the
SPECIFICITY OF THE ANTICAVEOLIN ANTIBODIES CHO-FRg and JAR cell lines, respectively. The mod-
TO CAVEOLIN erate expression of FR in these cells will presumably

ensure against possible random localization of receptor
When the total membrane proteins in CHO-BRsells  molecules as observed in certain established cell lines
were probed on a western blot using the affinity purifiede.g., KB cells (2-3 x 10receptors per cell) and recom-

EFFiciENCY OF COVALENT LABELING
WITH BIOTIN-SS-FOLATE
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Fig. 4. Specificity of anticaveolin antibodies. Western blot analysis of
crude membrane proteins from L1210 cells (lane 2) and CH®BFR-
cells (lane 3) and a human endothelial cell lysate (lane 4). Prestained
o molecular weight standards were loaded in lane 1. The blot was probed
Biotin-SS-Folate . + - + with affinity purified polyclonal rabbit anti-caveolin antibodies fol-
(activated) lowed by alkaline phosphatase conjugated goat-anti-rabbit IgG as de-
CHO-FR-B cells JAR cells scribed in Materials and Methods.

Fig. 3. Covalent labeling efficiency of Biotin-SS-Folate. Membranes

from CHO-FRf and JAR cells were incubated in HBSS with (solid ; ; . (i ;
acid (Figs. B, 7C and Table 1); (ii) detection of a ver
bar) or without (open bar) NHS-activated Biotin-SS-Folate for 2 hr. (Fig ); (i) Y

The membranes were then washed with acidic buffer to remove nonIOW level of the label in parental CHO cells compared to
covalently bound probe followed by incubation withydr [*Hlfolic ~ CHO cells expressing recombinant FR (FicC)5 (iii)
acid for 15 min at 37°C. The membranes were sedimented and thénability to detect the label when Biotin-SS-Folate was
bound PH]folic acid was measured by liquid scintillation counting.  used without activating it for covalent modification (Fig.
7B); and (iv) colocalization of the label and an FR spe-
cific antibody probe (Fig. 6); in this experiment, by ran-
binant cell lines which express FR at levels comparabledom inspection, most of the labeled receptor molecules
to or greater than the levels of caveolin (Rijnboultt et al.,colocalized with the antibody probe (Table 2).
1996). In initial electron microscopy studies using FR The possible effects of folate (or the affinity reagent)
specific antibody probes it was possible to observe eitheand low pH treatment on the clustering of FR molecules
clustering or a diffuse distribution of FR by essentially were also tested. CHO-FR-<ells were acid washed to
following previously published procedures (Rothberg etremove endogenously bound folate followed by probing
al., 1990 and Mayor et al., 1994). post-embedding with antibody to FHR- Clusters of FR
In CHO-FR{ cells and JAR cells, 52.7 and 62.3 molecules were observed as abowes(lts not shown
percent respectively of the 10 nm colloidal gold particlesSimilar results were obtained in the absence of the acid
localizing Biotin-SS-Folate occurred in clusters 88  wash (esults not shownindicating that neither the low
gold particles; 27.5 and 25.5 percent respectively ocpH treatment nor ligand occupancy influenced the clus-
curred in clusters of 2 gold particles; 19.8 and 12.2 pertering of FR.
cent respectively occurred singly (FigsA,56, 7A and Most (76%) of the covalently attached Biotin-SS-
Table 1). The specificity of covalent labeling of Biotin- Folate visualized in Fig. 6 was colocalized with FR de-
SS-Folate for FR and its localization with anti-biotin tected by the antibody probe (Table 2). However, as
antibody was confirmed by the following negative and expected, a smaller proportion (67%) of the FR clusters
positive controls in Figs. 5—7 and Table 1. (i) reductiondetected by antibodies were associated with the ligand
in covalent labeling in the presence of competing folic probe (Table 2). This is understandable because the Bio-
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ticles), clusters of both 10 nm and 5 nm particles were
. e observed (Figs. A and A); in negative controls, exclu-
“ g < A sion of the anti-caveolin antibody resulted in the absence
i of the 5 nm gold clusters as well (FigD}. As an ad-
A . ditional negative control, L1210 lymphocytic leukemia
cells that do not contain caveolae were probed similarly
with the anticaveolin antibodies and 5 nm gold-
conjugated secondary antibody (Fig. 8). There was no
significant localization of the gold particles in L1210
cells, further confirming the specificity of the primary
" antibody for caveolin in Figs. 5 and 7. FR clusters and
: e caveolin clusters at the cell surface were clearly localized
B g » and the clusters apparently further removed from the cell
i g surface may represent both internalized FR and overlap-
; ' ping portions of the plasma membrane. Nevertheless,
when a sufficient number of 10-nm gold (FR) clusters
were randomly counted in order to detect any significant
< association with caveolin, the frequency with which
: A 5-nm gold particles (caveolin) occurred within a distance
C 1 s, of 50 nm was low (Table 1). Furthermore, the occur-
v rence of caveolin within 10 nm of an FR cluster was not
: observed. A far greater number of caveolin clusters were
detected than FR (Table 1). This is presumably due to
the relatively low expression levels of FR chosen for this
study compared to other studies (Rijnboutt et al., 1996)
D and also because the intracellular caveolin may represen
both endocytic membranes as well as the transgolgi net-
work and transport vesicles. While caveolae may be ex-
pected to be revealed as caveolin clusters, it may be
_— noted that caveolin itself is known to occur relatively

0.2 um abundantly in intracellular compartments and may be
both clustered and unclustered.
Fig. 5. Localization of Biotin-SS-Folate label and caveolin in CHO- The results of this study are in partial agreement

FR cells. InA, CHO-FR4 cells were incubated for 2 hr with NHS- : : : : :
activated Biotin-SS-Folate under transport permissive conditions, fixedWIth previous electron microscopic studies (ROthberg et

with 3% glutaraldehyde, embedded in LR White medium and sec-al"_ 19_9(_); Ylng et al.,, 1992; Mayor etal, 1994)' _Thus
tioned; the sections were probed with goat anti-biotin antibody conju-While it is clear that FR molecules do not occur in ca-

gated to 10 nm gold, and with rabbit anti-caveolin antibody followed by Veolae to a relatively significant extent either in JAR

5 nm gold conjugated goat anti-rabbit IgG. Bathe cells were prein-  cells or in the recombinant CHO cells, it also appears that
cubated with Jum folic acid and then treated as describedAoin C, the receptor molecules are not diffusely distributed on
parental CHO cells were used and treated as described.for D, the cell surface. Rather, they exist predominantly in

CHO-FR{ cells were treated as described fowith the omission of o ters i the absence of cross-linking. Such receptor
the primary antibodies. Arrows indicate clusters of 10 nm gold; arrow

heads indicate clusters of 5-nm gold; open arrow indicates clusters o?llJSterS a_'re pOSSIb!y d'SrUPteq bY certain fixation meth-

10 nm gold and 5-nm gold occurring within a distance of 50 nm.  0ds, leading to a diffuse distribution on the cell surface
(Mayor et al., 1994). It may also be noted that the FR
clusters are not significantly induced to associate with

tin-SS-Folate was introduced from the surface of wholecaveolin even under transport permissive conditions.

cells while the antibodies may detect additional FR in

intracellular compartments. After embedding, FR is im-

mobilized and thus the introduction of antibody (either to |NFLUENCE OF ALTERNATE PROCEDURES OFFIXATION OR

biotin or directly to FR) at this stage cannot influence thePROBING ON THE CLUSTERING OF FR MOLECULES

localization of FR. The fact that both the biotin probe

and the post-embedding anti-FR antibody probe colocalThe possible influence of the additional early mild fixa-

ized with a high frequency strongly supports the validity tion step (with 0.5% glutaraldehyde/3% paraformalde-

of the FR localization in this study. hyde) used in the pre-embedding electron microscopic

When the sections were probed for labeled FR (10procedure of Mayor et al. (1994) on the localization of
nm gold particles) and also for caveolin (5 nm gold par-FR molecules on the cell surface was further investi-
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Table 1. Cellular distribution of folate receptor in relation to cavedlin

Cells Number of 10-nm gold clustérgparticles) Number of 5-nm
gold clusters

TotaF Associated with 5-nm gold clusters
<50-nm <10-nm
distance distance
CHO-FR$ 41 (298) 3 0 400
CHO-FRB + 4(29) 0 0 485
1pm folic acid
Parental CHO 4 (26) 0 0 493
JAR 40 (314) 2 0 351
JAR + 1um 5(41) 0 0 438
folic acid
L1210 Lymphocytes ND ND ND 7

2Ten cells were randomly chosen for counting for each condition. Similar results were obtained from
three independent experiments.

P Localizing covalently attached Biotin-SS-Folate3 gold particles per cluster).

¢Localizing caveolin £3 gold particles per cluster).

9 The total number of 1041 gold particles occurring singly and in pairs were 144 and 118 respec-
tively for CHO-FRf and JAR cells.

ND; Not determined.

Table 2. Colocalization of biotin-SS-folate label and antigenic sites

of FR$?
o 10-nm Gold clustefs 5-nm Gold clusters
e Total Colocalized with Total Colocalized with
o 5 nm gold 10 nm gold

w e * 42 32 49 33

2Ten cells were randomly chosen for counting. Similar results were
obtained from three independent experiments.
b Localizing covalently attached Biotin-SS-Folate.

— ¢Localizing FR molecules.

0.2 uym

and embedding in LR White resin and visualization of
FR in CHO-FRB cells. Cells were incubated for 2 hr with NHs- 1€ 90ld particles in the sections. As seen in Table 3,
activated Biotin-SS-Folate under transport permissive conditions, fixedndus'o_n of the,earlly mild ﬂxatlo_n step resulted in a
with 3% glutaraldehyde, embedded in LR White medium and sec-dramatic reduction in the clustering of FR molecules.
tioned. Sections were probed with goat anti-biotin antibodies conju-Instead, the localizing gold particles were relatively dis-
gated to 10 nm gold and also with affinity purified rabbit antibody to perse. On the other hand, the clustering of FR molecules
FR4 followed by 5-nm gold conjugated goat anti-rabbit 1gG. observed under the conditions described in the previous

section was not disrupted by probing with the antibodies

pre-embedding (Table 3). The results in Tables 1-3
gated. Accordingly, CHO-FR- cells were treated with demonstrate the clustering of FR molecules both in the
the mild fixative followed by incubation at room tem- presence and in the absence of antibody cross-linking.
perature in HBSS for 1 hr. Subsequent fixation, embed-They further strongly suggest that the diffuse appearance
ding in LR White resin and probing of the sections with of FR in previous electron microscopic studies (Mayor et
anti-FR antibodies were carried out as described in thal., 1994) could be attributed to the use of the early mild
previous section. The cells were also probed by a prefixation step. An explanation of these results in physical
embedding procedure similar to that of Rothberg et alterms may be that mild fixation disrupts the ability of FR
(1992) in which incubation with the anti-FR antibodies molecules to cluster without preventing their ability to
and secondary gold conjugated antibody preceded fixinglissipate by diffusion; on the other hand, harsh fixation

Fig. 6. Colocalization of Biotin-SS-Folate label and antigenic sites on
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Fig. 7. Localization of Biotin-SS-Folate label and
o s B caveolin in JAR cells. IA, cells were incubated for
B : % : 7 & 5 2 hr with NHS-activated Biotin-SS-Folate under
“ x transport permissive conditions, fixed with 3% glu-
taraldehyde, embedded in LR White medium and
sectioned; the sections were probed with goat anti-
biotin antibody conjugated to 10 nm gold, and with
rabbit anti-caveolin antibody followed by 5 nm-gold
conjugated goat anti-rabbit IgG. 1B, cells were
< treated as described férwith the exception that the
C S Biotin-SS-Folate used was not activated.Gnthe
cells were preincubated with gm folic acid and
then treated as described frArrows indicate clus-
ters of 10-nm gold; arrow heads indicate clusters of
5-nm gold; open arrow indicates clusters of 10-nm

gold and 5-nm gold occurring within a distance of
0.2 HM 50 nm

Table 3. Effects of alternative experimental methods on the clustering
of folate receptor molecules in CHO-BRells?

Method of Number of 10-nm
fixation/probing gold cluster! (particles)
Addition of primary 27 (370)

antibodies pre-embeddifig
Early (mild) fixatiorf 6 (274)

2Ten cells were randomly chosen for counting.
b Localizing FR molecules*3 gold particles per cluster).
0.2 pm °The cells were processed similar to the method of Rothberg et al.
-ZH (1992), by the sequential addition of primary and secondary (gold
conjugated) antibodies prior to fixation with 3% glutaraldehyde, with

Fig. 8. Probing of L1210 cells with anti-caveolin antibodies. L1210 exception that the samples were embedded in LR White resin (
cells were fixed with 3% glutaraldehyde, embedded in LR White me-;-tarials and Methods).

dium and sectioned; the sections were probed with rabbit anti-caveolir The cells were subjected to an initial fixation step with 3% paraform-

antiquies'followed' by 5-nm gold conjugated goat anti-rabbit IgG asaldehyde/O.S% glutaraldehyde as described by Mayor et al. (1994)
described in Materials and Methods. followed by incubation at room temperature for 1 hr and a second
fixation step using 3% glutaraldehyde as described by Mayor et al.
(1994). The primary and secondary antibody probes were introduced
may rapidly precipitate the protein, “freezing” the re- after embedding in LR White resiséeMaterials and Methods).

ceptor molecules within their pre-existing clusters. In

any event, the results provide compelling evidence that

FR molecules occur as clusters. difference between the resolution afforded by fluores-
The EM data obtained in this study do not necessareencevs.EM techniques. Thus, relatively small clusters

ily contradict the previously published (Mayor & of FR molecules may be visualized by counting the num-

Maxfield, 1995) data on the distribution of FR obtained ber of associated gold particles8) by EM. The rela-

by fluorescence microscopy. What is termed “diffuse tively small size and lateral mobility of the receptor clus-

distribution” of FR in fluorescence images of unfixed ters in unfixed cells may lead to a more diffuse appear-

cells in that study could simply reflect a fundamentalance in fluorescence images. Under conditions of
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antibody induced cross-linking, these clusters may comea distance of 50 nm. Such an association may represen
together to form much larger clusters of receptor mol-a tendency for the two membrane microdomains to as-
ecules, that may also be less laterally mobile in unfixedsociate. In cells that are rich in caveolae, such as endo-
cells and give rise to a distinctly punctate appearance ihelial cells, or in cells vastly overexpressing GPI-
fluorescence images. Unfortunately, it will not be pos-anchored proteins, GPI-protein rich domains may be
sible to meaningfully compare the sizes of the clustersmore frequently associated with caveolae. Thus in addi-
obtained by the pre-embedding. the post-embedding tion to similarity in the lipid composition between ca-
methods. This is because the post-embedding method {&olae and membrane microdomains enriched in GPI-
additionally limited by the possible inaccessibility of re- anchored proteins, the tendency for caveolae to periph-
ceptor molecules deeper in the sections and also possibigally associate with the latter domains may be dictated
differences in the antigenicity of the receptor. Thus, thepy the density of either membrane microdomain. It may
studies presented here do not contradict the core of thge noted here that the results obtained in this study on the
arguments put forth by Mayor et al. regarding the influ- |ocalization of FR molecules are not necessarily appli-
ence of antibodies on the distribution folate receptors orgapje to other GPI anchored proteins. The physical basis
the cell surface. Rather, they point out that FR mol-to the formation of FR clusters i.e., GPI anches.

ecules occur in pre-existing clusters that may be unstablgo|yneptide specific association, remains to be estab-
under their EM fixation conditions and relatively t00 |isheqd.

small_and mobile to be discerned clee}rly by fluorescence |, he potocytosis model for folate transport, the
techniques. Perhaps, what was previously demonstrateg,  astered FR clusters are proposed to occur in ass
as antibody-induced clustering of FR reflects the forma-q;;iio with caveolae. The results of the present study,
tion of larger clusters from smaller clusters. using the folate affinity reagent introduced extracellu-
larly under transport permissive conditions show that the
SIGNIFICANCE OF MEMBRANE L OCALIZATION OF FR internalized folate/FR is not associated with caveolin.
This result rules out a role for caveolae in the internal-
ization of FR. On the other hand, bulk membrane endo-

Several studies have equated GPI-protein rich microdo-

mains with caveolae based on copurification of caveolin®Y10sIS of diffusely distributed FR molecules (Mayor et

and GPI-proteins in relatively detergent insoluble mem_aI., 1994) can not explain the observed kinetics of recep-

brane fractions (Kurzchalia et al., 1992: Sargiacomotor—mediated folate transport, which entails quantitative

1993; Brown & Rose, 1992; Lisanti et al., 1994) as We"sequestra_tio_n and recyclir]g of FR molecules to the cell
as the requirement of cholesterol for the integrity of ca-Surface within about 30 min (Kamen et al., 1988, 1989).
veolae (Rothberg et al., 1992). Although caveolin ap_R_ather, the klneth data on f(_)late transport_ is consistent
pears to be required for targeting GPl-anchored protein¥/ith the selective internalization and recycling of recep-
to the apical surface of epithelial cells (Zurzolo et al.,tor rich membrane microdomains. Indeed, endocytosis
1994), the biochemical data on cell surface association otnd recycling of GPI-anchored proteins has been dem-
GPI-proteins with caveolae in steady state is contradicte@nstrated to occur by a pathway independent of the clath-
by observations that the detergent insoluble fractions cafin-coated pit pathway in recombinant CHO cells and
exist in certain cell types lacking caveolae (Fra et al.,T-lymphocytes (Keller, Siegel & Caras, 1992; Bamezai,
1994; Gorodinsky & Harris, 1995). In a very elegant Goldmacher & Rock, 1992). In KB cells, the majority of
recent study, Schnitzer, Oh & Mclintosh (1995), wereFR within 15-60 min after internalization was present in
able to obtain highly pure preparations of caveolae frommultivesicular bodies (Turek, Leamon & Low, 1993).
rat endothelial cells by coating the outer surface of theFurthermore, chimeric FR targeted to clathrin coated pits
cell membrane with colloidal silica which allowed physi- by replacing its GPI anchor with a polypeptide trans-
cal separation of the invaginated caveolae from the silicanembrane domain was unable to efficiently transport
coated plasma membrane. In yet another recent study-methyltetrahydrofolate suggesting the importance of
(Schnitzer et al., 1996) caveolae were isolated as budde@PI| modification and its related membrane localization
vesicles from plasma membranes in a cell-free systenin receptor mediated folate transport (Ritter et al., 1995).
While the studies showed that in the plasma membrane$herefore, the fundamental concept of potocytosis based
of these endothelial cells, the isolated caveolae did nobn the detailed kinetics of folate internalization and a
contain GPl-anchored proteins, a curious observatiomecycling receptor may still provide a valid model for
was that an undetermined fraction of caveolae showedblate transport via membrane microdomains distinct
the occurrence of a GPI-protein rich region in their vi- from caveolae. Such regions of the plasma membrane
cinity as a peripheral annulus. Similarly, in the presentmay offer a means for receptor-mediated intracellular
study, it was observed that infrequently (Fid\,4A and  delivery of small molecules and efficient recycling of
Table 1) in both JAR cells and the recombinant CHOinternalized receptor with the involvement of as yet un-
cells, FR and caveolin occurred as distinct clusters withiridentified vesicular proteins.
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