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ABSTRACT. Receptors with high affinity for IgE, F®I, which had been transfected into Chinese hamster
ovary fibroblasts exhibit an over 20-fold greater spontaneous phosphorylation at physiological temperatures
than the same receptors on the widely studied rat mucosal mast cell line, RBL-2H3. This enhanced
phosphorylation was not accounted for either by changes in the src-family kinase responsible for the
phosphorylation, by reduced activity of phosphatases, or by spontaneous association of the receptors with
microdomains. A variety of approaches failed to detect evidence for stable spontaneous aggregates of the
receptor. Whereas the altered posttranslational glycosylation of the receptor’s principal ectodomain we
detected could promote transient spontaneous aggregation and explain the observed effect, other changes
in the membrane milieu cannot be excluded. The functional consequences of such spontaneous
phosphorylation are considered.

The receptor with high affinity for IgE, F®I,! is one of observed that in the resting transfectants, that is, in cells
a family of multichain receptors found on cells of the immune whose FeRIl had not been deliberately aggregated, the
system {). When cells are stimulated through such receptors, receptors showed substantially more baseline phosphorylation
phosphorylation of tyrosines in characteristic motifs present than was observed on the RBL cells. No comparable increase
on one or more of the cytoplasmic domains of the receptor in spontaneous phosphorylation of other cellular proteins in
itself is the earliest observed evet4). In those cells in the CHO cells was noted. Because this implies a potential
which F&RI have been studied most intensively, rat baso- variable that is unaccounted for in the current molecular
philic leukemia cells (RBL) %, 6), there is persuasive evi- models, we decided to investigate this phenomenon.
dence that the Src-family kinase Lyn mediates the phospho-
rylation (7). The phosphorylation that follows clustering of MATERIALS AND METHODS

the receptors by a variety of procedures, but normally by The anti-DNP murine IgE has been describad, (13,

interaction of the receptor-bound IgE with a multivalent IgE conjugated with fluorescein isothiocyanate (FITC) was
antigen, has been explained by two, somewhat dlstlnctlve,a kind gift from Prof. Richard Posner (North Arizona

but potentially complementary molecular mechanisms. : : . . :
In one paradigm, phosphorylation is promoted because theggl\ﬁéigﬁm\/\f ((:_?Siflj_gc"’)‘teudsilgglz glthSEZirggthrxg?hogc%r?me
aggregated k| preferentially coalesce with specialized Conjugation of IgE with the sulfoindocyanine succinimidyl

microdomains in the plasma membrane that are enriched 'nester, Cy3, employed a Cy3 Ab labeling kit (Amersham

the kinase §). In the alternative model we have forwarded, Pharmacia Biotech, Piscataway, NJ). Conjugated proteins
the role of aggregation is to promote an initial transphos- 1a bl » Fiscataway, : Jug protel
were purified by a gel filtration column and extensively

horylation of the receptors by the Lyn kinase constitutively . . .
gssziated with the Egl ©, )1/@. Th)ellt is, the binding of y dialyzed. Fluorophor:protein ratios were 3.4 for FITC;IgE,
multivalent antigen is proposed to shift the dynamic balance 8'%;0.:]1;555Igiteango?{tg.zg dcgngggf';zeo?g'\'g Em%gen
of phosphorylation and dephosphorylation that results from used| se studies : verag : 3
caproate groups per molecule of bovine Fab fragm#bt (

the spontaneous association/dissociation of receptors. : . . -

To examine the early events in isolation, we previously Rabbit anti-rat IgE and goat anti-mouse IgE were affinity-
transfected Chinese hamster ovary (CHO) fibroblasts with purified and rendered monospecmc.on approprlatg columns
FceRI. Such cells, which have little endogenous Lyn kinase, of IgE. Mouse _mono_clonal IgQZb anti-phosphotyrosine 4G10
were then additionally transfected with various constructs and the r_abb|t ant-Lyn antiserum were purchased from
of Lyn to see how these affected the aggregation-induced Upstate B|otechnology, Inc. (Lake Placid, NY). Reag.ents for
phosphorylation of the receptora1). Coincidentally, we enhanced chemiluminescence analyses were obtained from

’ ' Amersham Pharmacia Biotech; polyacrylamide gels were

! Abbreviafi FeRI hih-affinit vor for [aE: PYo-on from NOVEX (San Diego, CA).

reviations: FeRlI, high-affinity receptor for IgE; PYp-phos- . . .
photyrosine; RBL, rat basophilic leukemia cells; FITC, fluorescein ~ RBL cells of the 2H3 line were maintained as described
isothiocyanate; TRITC, tetramethylrhodamine isothiocyanate; FRET, previously 6). CHO cells, which had been transfected with

fluorescence resonance energy transfer; FACS, fluorescence-activate¢cc<R| and Lyn, were grown as described ihiJ.
cell sorting; CHO, Chinese hamster ovary; DTSSP, -8ithiobis- .
(sulfosuccinimidylpropionate); ITAM, immunoreceptor tyrosine activa- Cell Lysates and Immunoprecipitatio@ells were har-

tion motif. vested with trypsir-EDTA, washed with buffer A [150 mM
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NaCl, 5 mM KCI, 5.4 mM glucose, 25 mM Pipes (pH 7.2) volume of 85% sucrose in Ultraclear centrifuge tubes
containing 0.1% BSA], and resuspended in buffer A at 6.2 (Beckman, Palo Alto, CA). This was overlaid with 6 mL of

x 1P cells/mL. Two volumes of cell suspension was mixed 30% sucrose and 3.5 mL of 5% sucrose. Gradients were then
with 1 volume of ice-cold X solubilization buffer, giving centrifuged at 2000Qf) at 37 °C, in a Beckman SW40Ti
final concentrations of 0.5% TX-100, 50 mM Tris, 50 mM rotor for 4 h (20). One milliliter fractions were harvested
NaCl, 5 mM EDTA, 1 mM NaVO, 5 mM NaP,0O;, 50 from the top of the gradient. An opaque band representing
mM NaF, 2 mM iodoacetate, 1 mM phenylmethanesulfonyl the lipid rafts was always observed and harvested routinely
fluoride, 10ug/mL each of aprotinin, leupeptin, and pepstatin in the fourth fraction. All fractions were counted in a gamma
A (pH 7.6), and incubated for 30 min at°€. After a 10 counter to assess the distribution'&f-labeled IgE. Aliquots
min centrifugation, FeRI were immunoprecipitated from the  of these fractions were also subjected to SIPAGE
supernatant with polyclonal anti-IgE or monoclonal antibody followed by Western blotting for Lyn.

to the FeRI $ chain (6), using protein A or protein G Assay of Phosphatase Agty. Phosphatase activity was
Sepharose beads (Amersham Pharmacia Biotech). In othefmeasured against a bis-phosphorylated peptide (KSDAV-
experiments, cells were reacted witflJ-IgE, reacted with [PY]TGLNTRNQET[pY]ETLKHEK-OH) which represents
antigen or not, and lysed, and the lysate was reacted withthe immunoreceptor tyrosine activation motif (ITAM3%)
excess anti-phosphotyrosine (4G10). Completeness of preof the FeRI y chain. The residual phosphopeptide was
cipitation with the latter antibody was assessed by immu- quantified by an enzyme-linked immunoassay using a kit
noprecipitating the supernatant with excess anti-IgE and djstributed by Boehringer Mannheim (Indianapolis, IRDY
comparing the residual phosphorylated receptors in those Sequencing of Receptor Suburifise amino acid sequence

immunoprecipitates with the starting material. Under the ¢ gach of the receptor subunits was indirectly determined
conditions usedx 95% of the phosphorylated receptors were ik ot the mRNA and at the genomic DNA level by using

precipitated by the 4G10. . _ the Big Dye kit obtained from Applied Biosystems (Foster
Phosphotyrosine Assalynmunoprecipitated proteins were City, CA).

extracted with hot sodium dodecyl sulfate sample buffer and Fluorescence MicroscopyZells were sensitized with an
electrophoresed on polyacrylamide gels. Phosphotyrosine was_ P

4 ; . ~1:1 mixture of FITC- and TRITC-conjugated IgE. After
detected by Western blotting using antibody 4G10 under " . . 0
conditions that favored accurate quantitation as describedStalnlng and fixing cells with 3.5% paraformaldehyde at 37

. °C, the distribution of IgE was monitored under a Leica
previously (1, 1. fluorescence microscope. Mouse monoclonal anti-FITC
Assay of Lyn Actity. Incorporation of3?P into a Src pe-

kinase-specific cdc2-derived peptide was used to measur antibody (Sigma, St. Louis, MO) was used to aggregate the

the activity of Lyn that had been immunoprecipitated from eFITC-IgE_
cell lysates {8). The precipitates were incubated with 2  Fluorescence Resonance Energy Transfer (FRERET

mM peptide in kinase assay buffer (0.1 mM ATP, 0.5 mM Was measured essentially as descril# 23. To perform
NagVO,, 2 mM CHAPS, 5 mM MnCi in A-buffer). The the measurement at37 °C, the sheath fluid was warmed

assay was performed with Pierce phosphocellulose units/USt before the measurement, and the cell suspension was
(Pierce, Rockford, IL). kept at 37°C by suspending the sample tube in“€7water

during the measurement. Fluorescence-activated cell sorting
sensitized with amv1:1 mixture of rat IgE and®-labeled ~ Was done by a FACSCalibur (Becton Dickinson, Franklin

mouse IgE. Some aliquots were permeabilized (below). The L@kes, NJ). The 488 nm line of the argon ion laser was used
cells suspended in assay buffer (25 mM Hepes, 119 mM for excitation, and the emitted fluorescence was detected at
NaCl, 5 mM KCI, 5.6 mM glucose, 0.5 mM CaCll mM two wavelengths through a 530 nm or a 585 nm band-pass
MgCl,, pH 8.0) were incubated with 4 mM 38ithiobis-  Interference filter.
(sulfosuccinimidylpropionate) (DTSSP) (Pierce) at°&7for Treatment of Cells with Neuraminidageor treatment with
10 min. The amount of coprecipitated radioactive mouse IgE neuraminidase, the cells were suspended in 0.01 M phosphate-
was measured in anti-rat IgE immunoprecipitates. Cross- buffered 0.15 M NaCl (pH 7.2) with 0.1% BSA. Neuramini-
linking of Lyn with receptor was done essentially as dase fromVibrio cholerae (Boehringer Mannheim) in a
described previouslydj. Cells that had been sensitized with buffer containing 50 mM NaC¢€OO, 154 mM NaCl, 9 mM
IgE were washed and resuspended in assay buffer. The cell$aCh, 0.05% NaN, 25 mg/mL human serum albumin (pH
were then permeabilized by Streptolysin-O (Murex, Dartford, 5.5) was added in a 1:2.33 volume:volume ratio for-80
U.K.) (19). In some experiments, multivalent antigen was Mmin at 37°C. Cells were washed after the enzyme reaction,
added to aggregate receptors. DTSSP was added to the ceRnd phosphorylation of receptor was analyzed.
suspension at 37C, and after 3 min, 40 mM glycine was Surface lodination and Treatment of Receptors with
added to stop the reaction. The cells were then lysed in N-Glycanase.Cells were surface-iodinated with lodogen
solubilization buffer, and the receptors were immunopre- from Pierce 24). They were then solubilized with detergent
cipitated. The precipitated proteins were reduced in order to (above), and the extract was incubated with Protein A beads
cleave the cross-linking bonds, and separated on polyacryl-that had been preloaded with ascitic fluid containing a
amide gels. The proteins were then transferred to nitrocel- monoclonal antibody to the. subunit of FeRI. Using the
lulose membranes and analyzed for Lyn and forkehain recommendations of the manufactureNafjlycanase (Glyko,
of FceRI by Western blotting. Novato, CA), the samples were then boiled with 1% sodium
Distribution of Lyn and Receptors on Plasma Membrane. dodecyl sulfate for 5 min before addition of a reaction buffer,
Cell lysate (+-1.4 mL), prepared by reacting 107 cells/ NP-40, and the recombinant enzyme. After incubation at 37
mL with 0.1% Triton-X 100, was mixed with an equal °C for 18 h, the samples, including controls to which no

Chemical Cross-Linkingn certain experiments, cells were
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1.0 Table 1: Fraction of Tyrosine-PhosphorylatectRtin Resting and
5 i Stimulated RBL Cells and CHO Transfectants As Assessed by
§ 0.8 Precipitation with Anti-Phosphotyrosife
E 0.6 - \T cell antigen % FeRlI precipitated
g 1 RBL - 0.62 (0.074)
o 0.4 1 +b 12 (10)
= 0 2_‘ CHO-Al11 - 11 (0.92)

. + 33(4.1)

—— T T . a Cells were saturated with%i]-IgE, reacted with antigen (or not),
X and lysed. The lysate was reacted with excess anti-phosphotyrosine

104 T (see Materials and Methods), and the percent of labeled IgE precipitated
5 1 was determined. The data are from three separate experiments in which
g 0.8+ resting and stimulated RBL and CHO cells were compared directly.
3 1 7 Quadruplicate samples of each condition were assayed, and the receptors
j‘f 0.6 ; in duplicate aliquots were solubilized with or without hapten in the
2 1 solubilization buffer 19). Because there was no consistent trend
g 0.4+ between the two methods of solubilization, the data for the quadrupli-
~ 0 2_' cates have been pooled. The values shown are the averages for all the

] experiments with the standard deviation shown in parenthesdls

, | : were reacted with 50 ng/mL [DNP-capjFab for 3 min prior to
RBL pZeo A6 D1 All solubilization.
Cell

FiGURE 1: Spontaneous phosphorylation of receptors. Cells were COMbined the amount of phosphotyrosine expressed on both
incubated with IgE, washed, and lysed with 0.5% Triton X-100. thej chain and the dimer of chains.

Western blotting was used to assess the phosphorylation of the In prior studies, we observed that the extent of phospho-
receptors and the amount of cellular Lyn. The bars show the amountry|ation of the aggregated ERI was sensitive to the relative

of PY or Lyn relative to that observed on the All cells analyzed o 0t of Lyn (1, 17, 18. The lower panel in Figure 1

on the same gel. The error bars show the standard deviations in ) . .
the four to six experiments in which the clones were analyzed. For Présents the ratio of total cellular Lyn kinase per receptor in

the number of FeRI associated with each clone, see the text. Top the several transfectants as determined by quantitative
panel: The IgE-receptor complexes were immunoprecipitated with - analysis of Western blots using antibodies to Lyn and to the
anti-IgE and analyzed for phosphotyrosine (PY) associated with J subunit. It is apparent that the variation in the ratios of

the f andy subunits of the receptor. The data were corrected for - . . -
the number of receptors by blotting with agtisubunit. Bottom total kinase to receptor is insufficient to explain the marked

panel: An aliquot of the lysate was analyzed by blotting with anti- differences in spontaneous phosphorylation. It is also clear
Lyn. that whereas there is some proportionality between the

amount of Lyn expressed in the transfectants and the ex-
enzyme had been added, were processed for electrophoresient of the phosphorylation, this is not the case with the

on polyacrylamide gels in sodium dodecyl sulfate. RBL cells, where the spontaneous phosphorylation is virtu-
ally undetectable despite a substantial amount of Lyn per
RESULTS receptor.

_ In one experiment, the absolute number of receptors for
FceRI in CHO Cells Are Spontaneously Phosphorylated. a5ch cell type was determined and found to be 3.50°
The upper panel in Figure 1 shows the basic finding we for the RBL cells, and 1.3 105, 1.3 x 1P, 1.0 x 1C%, and
decided to explore. It summarizes the data from four to six 1 1 . 105, respectively, for the pZeo, A6, D1, and A11 CHO
experiments in which each of several transfected CHO cell {yansfectants. These values are so close to what we had

amount of phosphotyrosine on the receptors of unstimulatedfor each experiment.

cells. All of the CHO cells had been transfected witl Rt Spontaneousersus Induced Phosphorylatioable 1
The transfectant “pZeo” had in addition been transfected with symmarizes several experiments in which the fractions of
vector containing the antibiotic marker Zeocin. Transfectants tyyosine-phosphorylated receptors in resting and stimulated
“A6", “D1”, and "A11" had been transfected with vector ce|ls were compared. In resting RBL cells whose receptors
containing, in addition to the Zeocin marker, the open reading pave been filled with monomeric IgE, less than 1% of the
frame for the “short” form of rat Lyn kinase, and expressed FeR| are tyrosine-phosphorylated at any instant in time by
that kinase to a variable exterit1). this criterion. Upon incubation with 50 ng/mL of a pauciva-
The bar graph presents the results as phosphotyrosine pelent DNP conjugate ([DNP-capd-Fab) for 3 min—a modest
receptor. These ratios were determined from quantitative stimulus although one sufficient to aggregate a substantial
analyses of Western blots using anti-phosphotyrosine andfraction of the receptorsthere is an almost 20-fold increase
antibodies to th@ subunit of the receptor. The figure shows in the number of receptors precipitable by anti-phosphoty-
the substantial difference between the cells with respect torosine.
the extent to which their Rl are phosphorylated. The ratio By contrast, in the resting A11 clone roughly 10% of the
of the spontaneously formed phosphotyrosine on the dimerreceptors were precipitated by anti-phosphotyrosine. When
of y chains relative to the amount on thte chain was the latter cells were stimulated with antigen, there was a
approximately 2:1, similar to the ratio observed on the further substantial increase, the differential between the
aggregated receptors of RBL cells and the CHO transfectantsresting and stimulated cells (in absolute terms) being certainly
(25). Therefore, in the results depicted in the figure, we no less than that observed for the RBL cells.
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1007 Table 2: Relative in Vitro Kinase Activity of Immunoprecipitated

o Lyn from Resting RBL Cells and CHO Transfectants

507 cell type amount relatiVeactivity ~ specific activity

5. RBL-2H3 14.6 (1.26) 233 (23.6) 16.2 (3.01)
CHO-Al11 11.1 (0.20) 183 (53.5) 16.5(3.92)

CHO/RBL 0.76 0.78 1.02

2 The data are from two separate experiments in which resting RBL
and CHO cells were compared directly. Duplicate samples of each cell
204 extract were immunoprecipitated either with nonspecific rabbit IgG or

d with anti-Lyn antibodies. The washed precipitates were analyzed either
m/_ _ g8 for Lyn protein (by Western blotting) or for tyrosine kinase activity.
' ' The values shown are the averages for the two experiments with the
34 range shown in parentheses and are for the specific precipitates that
5] @/% have been corrected for the values associated with the nonspecific
/ \ precipitates. For the RBL-2H3 cells, these nonspecific precipitates
&

404

Relative PY

contained amounts and activity of 0.12#70.013) and 0.93940.0123),
respectively. The corresponding values for the All cells were 0.089
i (£0.015) and 0.85640.303).° To simplify the table, the experimental

20 30 40 readings have been multiplied by arbitrary factors: The densitometric
readings from the autophotographs of Western blots used to quantify
] the amount of Lyn have been multiplied by 20 the counts
Ficure 2: Temperature effect on spontaneous phosphorylation andincorporated in the enzyme assay by4,0and the specific activity
activity of Lyn kinase. Top panel: Cells were incubated with IgE, therefore by 102 ¢ These values are the average values from the
washed, and maintained at the indicated temperature for 10 min.individual experiments and therefore differ slightly from the values

The cells were then lysed in 0.5% Triton X-100, and the4gE  obtained by simply dividing the values shown in column 3 by those in
receptor complexes were immunoprecipitated with anti-IgE and column 2.

analyzed for phosphotyrosine (PY) associated with ghand y
subunits of the receptor by Western blottinl) RBL cells; @)
Al1 cells. The ordinate shows the amount of PY relative to that the A1l and RBL cells, and the calculated ratio for the

observed on the RBL cells incubated at 15. Bottom panel:  gspecific activities of Lyn in the specific imnmunoprecipitates

Immunoprecipitates of Lyn kinase were assayed for kinase activity from the two cell types (value in boldface type at the bottom
using a peptide relatively specific for Src-family kinases. The graph

shows the results of two independent experiments in each of which ©f data in column 4) was remarkably close to 1. RBL cells
triplicate determinations were performed at each temperature. Theexpress both the long and short forms of Lyn in roughly
data from each experiment were normalized to one of the three equivalent amounts, whereas the All clone had been
ZamF",eS assayed at Z;IZ V\(]herehnot.seer}, we e"ot; blalr\? (Starr]‘darﬁ transfected with the short form only. The results of the kinase
eviations) were smaller than the size of the symbol. Note that the . ¢ ¢ s ggest that the long and short forms of Lyn have

ordinate scale in this panel is 13-fold-expanded compared to the o o o
top panel. the same or similar specific activities.

Temperature DependencBarly in our studies we ob- In view of the marked effect of temperature on the
served that the spontaneous phosphorylation was markedlyslOontaneous phasphorylation o&Rg in the CHO cells, we -
dependent on temperature (top panel, Figure 2). Little directly assessed.the temperature depe.ndence of the gc_tlwty
spontaneous phosphorylation was detected &tCl%ut at ofLyn. As ghown n th9 lower pang! of F'gwe 2 the activity
higher temperatures, the level of phosphorylation was of Lyr: against a Src kinase-specific peptide is much lower
dramatically increased in the A1l cells. Virtually no phos- at 45 C than that at 37C, _W_hereas spontaneous phospho-
phorylation was observed in resting RBL cells within this rylation of the receptors still increases over this temperature
range of temperatures. range (top panel, Figure 2).

Role of KinaseWe investigated whether the spontaneous N previous studies on both RBL cells and the CHO cell
phosphory|ation results from Lyn being unusua”y active in tranSfeCtantS, we concluded that the extent of phosphorylation
these transfectants. To some extent, this appears unlikelyof tyrosines on the receptor was governed by the availability
because we had previously noted that the transfectantsof Lyn kinase to the receptors. For example, in RBL cells,
exhibited no generalized increase in phosphotyrosine- direct analyses with chemical cross-linking reagents revealed
containing proteinsi(l) and this was confirmed in the current  that only 3-4% of the receptors are constitutively associated
studies (data not shown). Direct assessment of the activityWith Lyn (9), and with appropriate protocols, we documented
of Lyn confirmed the indirect data. Table 2 shows the results cOmpetition between clustered receptors for the kina6 (
of experiments in which Lyn was immunoprecipitated from Likewise, as already noted, CHO cells transfected wittRfc
cell lysates. We quantitated both the amount of immunore- @nd expressing increasing amounts of transfected Lyn exhibit
active protein (column 2) and the kinase activity against a correspondingly greater responses to equivalent stimuli.
src-family specific peptide substrate (column 3). The control It was possible, therefore, that in the spontaneously
immunoprecipitates with normal rabbit IgG from the lysates phosphorylating transfectants, the percent of receptors as-
of both RBL and A11 cells contained only a small amount sociated with Lyn was enhanced. One such analysis using
of putative Lyn by Western blotting and a small amount of Western blotting is shown in Figure 3A. Resting cells that
kinase activity (footnotea in Table 2). Compared to the had been incubated with monomeric IgE were permeabilized
control precipitates, the precipitates prepared with anti-Lyn and reacted with cross-linking reagent, lysed, and immuno-
showed over 100-fold more Lyn protein and roughly 200- precipitated with anti-IgE. The upper bands were revealed
fold more activity. Significantly, within experimental varia- in a Western blot utilizing anti-Lyn. In the RBL cells (two
tion, there was no consistent difference in the results betweenleft lanes), the long and short forms of Lyn are clearly seen.

Relative activity

0 &

Temperature ( °C )
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A comparison, the relative value of Lyhivas normalized to
the value obtained for the permeabilized RBL cells exposed
- pretp— to Mg?*-free buffer. The composite data show no evidence
for enhanced constitutive association of the Lyn kinase with
the receptor in the A11 transfectants. They also confirm that
phosphorylated FdRl recruit additional molecules of Lyn.
In earlier work we had evidence that the spontaneous
dephosphorylation of aggregated receptors in RBL cells (see
below) is accompanied by a dissociation of Lyn kinase from
the aggregates [see Figure 4 &6)]. There are also a variety
Cell RBL RBL A11 A1 of experimental results that we have interpreted as resulting
M92+ - + - + from such dissociation being due to interaction of the
aggregated receptors with cytoskeletal components (manu-
script in preparation). Therefore, we exposed the cells to
B conditions that stabilize the phosphorylation of aggregated
FceRI in RBL cells. One such manipulation is inhibition of
o . F-actin, e.g., by cytochalasii2®); another is allowing the
cells to adhere to a surfac29). We observed no enhance-
ment of spontaneous phosphorylation of receptors in the A11
31 cells with up to 5uM cytochalasin D, and, if anything,
adherent Al1 cells showed a slight decrease in spontaneous
phosphorylation (data not shown).
24 Role of Phosphatase$he phosphorylation of aggregated
FceRI reflects a dynamic balance between the action of
kinase and phosphatase(s). Thus, if kinase activity is
14 I inhibited, aggregated receptors that had become tyrosine-
phosphorylated are promptly dephosphorylat2d).(Con-
trariwise, in the presence of phosphatase inhibitors, the extent
of phosphorylation of aggregated receptors is enhanced, and
a small amount of “spontaneous” phosphorylation of unag-
Cell RBL RBL All All gregated receptors is observed0( 3]). There are no
compelling data in the literature to suggest that cells utilize
changes in the specific activity of phosphatases to regulate

Ficure 3: Association of Lyn with unaggregated receptors. The phosphory_latlon O.f FERI' Nevertheless, e wished to
association of the kinase with the receptors was assessed undegetermme if alterations in phOSphfitase aCt'V't,y could account
conditions in which kinase was inhibitee-§1g2*) or not inhibited for the spontaneous phosphorylation of thefdn the CHO
(+Mg?*). Cells were incubated with monomeric IgE, permeabilized, cells transfected with Lyn kinase.

and reacted with the chemical cross-linking reagent for 3 min at (i) Activated Cells.Particularly in RBL cells studied in

37 °C (Materials and Methods). After the reaction was quenched, ; T : :
the cells were lysed, and the immunoprecipitated receptors from suspensions, the aggregation-induced phosphorylation of their

each sample were loaded onto a single gel and transferred. Thd ¢RI is relatively transient. That a similar though less rapid
membrane was then cut into an upper portion for blotting with anti- dephosphorylation is observed in stably aggregated receptors
Lyn, and a lower portion for blotting with antibody to tifesubunit (27) suggests a time-dependent shift in the dynamic equi-

of the receptor. All the cells had been permeabilized. (A) Example librium between phosphory|ation and dephosphory|ati0n' The

of one experiment. (B) Summary of four experiments. For each : : e ;
experiment, the amount of Lyn associated with the receptor was basis of this shift is only partially understood, but, as noted

normalized to the amount associated with the receptors from RBL @bOVe, may in part be related to spontaneous dissociation of
cells exposed to Mij-free buffer. The error bars show the standard Lyn kinase from the receptors. We examined the CHO
deviations. transfectants to see if a similar shift was observed in them.
The experiment shown in Figure 4 compares the time course
The A11 cells (two right lanes) show only the short form of receptor phosphorylation in A11 and RBL cells bearing
with which the cells had been transfected. (The reaction of anti-DNP IgE and incubated with 50 ng of a paucivalent
the antibody with the endogenous Lyn is too weak to be DNP-antigen. It is apparent that the spontaneous dephos-
observable using the time of exposure shown.) The bands afphorylation observed after stimulation with antigen is as
the bottom were seen on the same membrane after blottingprominent in the A1l cells as in the RBL cells. Dephos-
with anti8 antibodies. Because phosphorylated receptors phorylation is also seen when antigen-clusteredRFare
recruit additional molecules of Ly®( 10, we also examined  disaggregated, e.g., by addition of haptdn33l). In either
a parallel set of permeabilized cells that were suspended inof the two mechanistic models describing how aggregation
a buffer free of M§* conditions that inhibit the activity of  of the receptors promotes phosphorylation of the receptors
Lyn kinase 9, 27). The receptors in such preparations should (see the introduction), the disaggregation induced by the
be associated only with the amount of Lyn with which they hapten leads to decreased exposure of tk&Fo the Lyn
were constitutively associated. Panel B of Figure 3 sum- kinase whereas the action of omnipresent phosphatase(s)
marizes our findings from six experiments performed in the remains unabated. In the experiment shown in Figure 5 we
presence and four in the absence of 2MgFor each followed the time course of hapten-induced receptor dephos-

Lyn per Receptor

0 T T T T 1

2+

Mg - + - +
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0d @o Table 3: Coprecipitation of Receptérs
no. of chemical permea- % copre-
m ° expt cell aggreg. cross-linking bilized cipitatiorP
1 RBL  Ag - - 0.109
] . 1 RBL Ab - - 0.181
3 - 1 All  Ab - - 0113
& 0.54 © 3 RBL Ag + - 1.672 (0.126)
z 3 Al1l Ag + - 0.990 (0.080)
o} 2 RBL - + - 1.326 (0.262)
Q 2 A1l - + - 0.733(0.242)
a 1 RBL Ag + + 0.694
1 1 All Ag + + 0.659
0.04 0 1 RBL - + + 0.576
0 20 40 1 All - + + 0.645
Time (Min) a Cells were incubated with an approximately 1:1 mixture of rat and

129-labeled mouse IgE, then permeabilized (or not), exposed to antigen
FiGure 4: Spontaneous dephosphorylation of receptors. Cells (“Ag”) or anti-rat IgE (“Ab”) (or not), and then exposed to the chemicall
bearing DNP-specific IgE were stimulated with 50 ng/mL antigen, cross-linker (or not). Duplicate specimens were used in each experiment.
and detergent extracts were prepared after increasing times. Theafter solubilization, all the lysates were immunoprecipitated with anti-
phosphotyrosine on the receptors was assessed by Western blottingat IgE. ® In all cases, the results of the duplicate samples were averaged;
The results from two independent experiments are shown, and thewhere multiple experiments were performed, the average and the
data were analyzed as follows. For each experimental group, thestandard deviation (in parentheses) for all the experiments are shown.
“spontaneous” amount of phosphorylation observed at time zero
(actually in the samples that were not stimulated with antigen) was ) o
subtracted from all of the subsequent time points. In the case of the F&RI y chain, and compared the phosphatase activity

the RBL cells W), this equaled about 2% of the maximum observed; in the total cell lysate of resting RBL and A1l cells. In five
for the All cells ©), about 9%. The net values were then gch experiments, we observed no significant difference in
ggﬁ?""r'ézsed to the maximum value observed for the RBL and A1L 4o re|ative phosphatase activity toward the receptor-related
, pectively. .
peptide (data not shown). We also checked the dependence
on temperature of the cellular phosphatases against a bis-
phosphorylated ITAM peptide of the &I y chain. Above
30 °C, their activity was modestlincreasedand therefore
) could not explain the large increase of spontaneous phos-
n phorylation.
Role of AggregationBecause we found no evidence for
unusual alterations in either the Lyn kinase or the phos-
L phatases in the transfectants, and because in the principal
\ \ mechanistic models phosphorylation okR¢ is initiated by
e aggregation, we looked for evidence of spontaneous ag-
______________ 0 gregation as well as for factors that might favor such
i i associations.
0 50 100 (i) Direct Studies.Using the same approach that had led
Time (sec) to the demonstration that the receptors on RBL cells are

Ficure 5: Dephosphorylation induced by disaggregation of recep- univalent 82), receptors were loaded with FITC- or TRITC-

tors. Cells bearing DNP-specific IgE were stimulated with 50 ng/ Iabeled IgE ir‘ a1l ratio, and after \.Nashin'g, bivalent
mL antigen for 3 min. At that point (time zero in the graph), one anti-FITC antibodies were added. The distribution of recep-

aliquot was treated with detergent directly, and the hapten DNP- tors was monitored by fluorescence microscopy. Under
caproate was added to a second aliquot (final concentration 0.1-4nditions where FITC-IgE-bound receptors formed capping

mM). Periodically thereafter, samples of the hapten-containing .
suspension were exposed to detergent. The phosphotyrosine on thatructures, TRITC-IgE-bound receptors were uniformly

subunits of the FeRI immunoprecipitated from the detergent distributed, and no co-capping was observed (data not
extracts was quantitated by Western blotting. The results shown shown). This result showed that no substantial fraction of

are from a single experiment. The data were analyzed as follows: receptors stably interacts on either RBL or A11 cells.

For each experimental group, the phosphorylation observed in the ; ;
samples that were not stimulated with antigen was subtracted from Next we attempted to identify spontaneously formed

all of the samples. The resulting net phosphorylation was then 0ligomers of receptor by using the chemical cross-linker
normalized to the value obtained for the samples treated with DTSSP to stabilize such associations. Cells that had been

antigen but no hapten and sampled at 3 mil). RBL; (O) Al1l. sensitized with rat IgE an#3-labeled mouse IgE in ar1:1
ratio were reacted with antigen or not reacted and then
phorylation in RBL and All cells. Again, no significant exposed to the chemical cross-linker. Since DTSSP is
difference was observed in this and a second experiment.impermeant, some aliquots of the cells were permeabilized
(i) Resting Cells.We also examined the status of the in order to enhance the likelihood that spontaneous ag-
phosphatases in the resting cells. We performed in vitro gregates of the Rl would become cross-linked. Copre-
assays under conditions that maximized the possibility that cipitation of ?3-labeled mouse IgE in anti-rat IgE immu-
we could detect differences in phosphatases that may benoprecipitates was measured. As shown in the last column
particularly directed to the receptor. We therefore utilized a of Table 3, we observed no significant difference in the
bis-phosphorylated peptide corresponding to the ITAM of amount of coprecipitation between RBL and Al1 cells.

1.04Q

PY (Rel)

0.0 N
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Table 4: Fluorescence Resonance Energy Trahsfer

98-
frac. no. of anti-lgE
cell occup® expt antigen (ug/mL)  FRET (ratio) tg 64- . ' .
RBL 1 4 - - 0.390 (0.043) -
0.33 4 - - 0.423 (0.056) X 50-
0.67 1 - - 0.441 ;
1 3 +d - 0.669 (0.187) = 36-
1 4 - 9 0.518 (0.055)
1 1 - 29 Cy3 2.738
1 2 - 9Cy3 20.75 (6.03) 30- - .
All 1 7 - - 0.386 (0.036)
0.33 1 - - 0.409
0.67 1 -, - 0.427 Cell RBL RBL A11 A11 CHO-B12
1 3 + - 0.492 (0.166) . + -+ -
1 4 - 9 0.429 (0.053) Glycanase
1 1 - 2.9 Cy3 2.664 Ficure 6: Posttranslational differences in receptors. The surface
1 2 - 9 Cy3 6.53 (0.164) proteins of RBL and CHO transfectants were oxidatively iodinated.

H’he cells were then lysed with Triton X-100, theeRt were
Immunoprecipitated with Protein A beads preincubated with ascitic
fluid containing a monoclonal antibody to tlesubunit of FeRl,

aThe results are based on measurements of 20 000 cells per specime
in each experiment Refers to occupancy with labeled IgE in those

experiments in which the labeled IgEs were diluted with unlabeled IgE. gnd the immunoprecipitates were denatured with sodium dodecyl

¢Where applicable, the values shown are the averages for the separat h . !
experiments and (in parentheses) the standard deviation or range.'SUIfate prior to being treated or not treated wifglycanase. The

: . : e roducts were then analyzed on a 12% polyacrylamide gel. A

?nssttg:]léfgot?]\gzsn‘t’iv_'ltgé’ ?] 23/ E’e'-eLDL\'OF:]}EZﬁESt\’,Jﬁ; Zcr;gn In these Padioautograph of the gel)i/s shown. B12 refF:arsy to t)r/1e cIonegCHO-
! B12, a clone derived from CHO cells that had been transfected

only with FeRI (11).

We also looked for spontaneous association of receptors
using the method of fluorescence resonance energy transfehad led to the same or to an alternative substitution.
(FRET). Cells were loaded with FITC- and Cy3-labeled IgE Therefore, we sequenced the mRNA for each chain of the
in an~1:1 ratio, and energy transfer was measured as thetransfected receptors but found the sequences to be identical
ratio of fluorescence intensity of the acceptor fluorophore, to those previously reporte®4—36).
Cy3, to that of the donor fluorophore, FITQZ, 23. Variations in glycosylation of cell-surface proteins can
Individual cells were evaluated by FACS. We observed no affect their clustering or diffusion37—39). Therefore, we
resonance energy transfer in either cell type (Table 4). We examined thex chain of FeRI, the subunit that is normally
used three conditions as potential positive controls. In one glycosylated 40, 41). As shown in Figure 6, the. chains
case, 2.9 or g/mL Cy3-labeled anti-IgE antibody was on the A11 cell had a higher apparent molecular weight than
added to the cells loaded with anl:1 ratio of FITC- and the a chains on RBL cells. After removind\-linked
Cy3-labeled IgE. Substantial energy transfer was seen withincarbohydrate by treatment witk-glycanase, thex chains
2 min. We also added unlabeled anti-IgE to cells bearing from both cells showed the same molecular weight. This
receptor-bound FITC- and Cy3-IgE. In this instance, the indicates glycosylation accounts for the difference in apparent
increased energy transfer was or#$3% in RBL cellsand ~ molecular weight of thex chains on RBL and A1l cells.
~11% in the All cells. Aggregation by antigen gave a Theo chain of the parental cell line CHO-B12, which was
similarly negligible efficiency of energy transfer. transfected only with receptors and an antibiotic marker, also

(ii) Indirect Studies.Individual A11 cells express 3-fold  showed the apparent increase in molecular weight (Figure
fewer FeRI and on average have a similar surface area as6). These results show that the posttranslational modification
the RBL cells, so that their augmented spontaneous phos-of the receptor chains is cell-specific.
phorylation cannot be explained by enhanced spontaneous We attempted to assess the roleNsfjlycans by treating
associations based simply on differences in surface density both RBL and A11 cells with neuraminidase to remove sialic
However, we examined a number of aspects that might acids fromN-glycans and monitored the spontaneous receptor
promote such spontaneous aggregation. phosphorylation in the treated cells. We determined that there

In virtually all of the studies already described in which was no loss of receptors by the enzyme treatment by
the RBL and transfected clones were compared, the samejuantitating the amount of bound IgE. In five experiments
preparations of IgE were used. Thus, it was unlikely that involving resting or both resting and stimulated cells, no
the phosphorylation we observed only with the resting reproducible changes in the extent of phosphorylation of
transfected cells could have been due to adventitious cluster+ceRI induced by treatment of the cells with neuraminidase
ing of receptors by small amounts of aggregated IgE. were observed (data not shown).
Nevertheless, we directly excluded a role for IgE by exposing  Distribution of Lyn and FeRI in Microdomains The Src-
the receptors to IgE only in vitrafter they had been  family kinases including Lyn preferentially congregate in
extracted from the cells. A similar level of spontaneous plasma membrane “microdomains” that resist solubilization
phosphorylation was observed as when the transfectants haq@,y certain detergentst®). As noted in the introduction, a
bound IgE in vivo (data not shown). model that emphasizes the critical role of such domains in

Substitution of Thy, by Ala in the y chain promotes the initial phosphorylation of the ERI has been proposed
spontaneous phosphorylation BFAM tyrosines on they (8). We therefore investigated whether the Lyn, oelRE
chain by an unknown mechanisi83j. It was possible that  or both, were differently distributed in the transfected CHO
a spontaneously occurring mutation in the transfectetRFc  cells than in the RBL cells, using conditions (Materials and
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Table 5: Distribution of FeRI and Lyn in Microdomains, and the Effect of Cyclodextrin

FceRI fractions Lyn fractions
cell cyclodex? 3-5 10-12 35 10-12 PY/FeRI®
RBL - 5.7 2.0¥ 93 (£2.0) 22 @0.60) 77 0.6) 0.58 ¢0.05)
All - 8.3 (£5.7) 89 (+6.9) 25 (3.2) 73 &3.8) 13.8 ¢:1.9)
RBL + 1.4 97 7.6 81 2.840.2)
All + 1.9 97 14 73 12+£2.4)

a Detergent extracts that had been prepared &tCG3Were fractionated on sucrose step gradients and centrifuged°&@ 8¢ 4 h. Successive
fractions were assayed fdf{l]-IgE by counting of radioactivity, and for Lyn by Western blotting. Aliquots of the extracts were also immunoprecipitated
with anti-lgE and the immunoprecipitates analyzed for PY. FractionS Bpresent the microdomains; 102 the cytoplasmic and detergent-
extractable protein®.Where indicated, cell suspensions were incubated with 10 mM cyclodextrin &€ 3@r 1 h @4). € The ratio of relative
intensities from the Western blots using anti-PY and Argisbunit of FeRI. ¢ Average and range (in parentheses) of results from two independent
experiments.

Methods) under which we had independently confirmed the Lyn is thought to be the kinase that normally phospho-
movement of aggregated receptors into the lipid raf@.( rylates the receptors after they are clustered. One obvious
In two experiments we observed that in the RBL cells, point of interest is that the spontaneous phosphorylation
~22% of the Lyn was in the sucrose density gradient correlated with the level of Lyn kinase with which the cells
fractions containing the Triton-X-resistant microdomains. had been cotransfected. This is consistent with the prior
The corresponding value for the A11 clone was 25% (Table observation that although the CHO cells transfected only with

5). A similar analysis, in which the distribution of thedRi FoeRI must obviously contain numerous other kinases, they
was determined, again showed no significant difference are deficient in Src-family kinases, and in the absence of
between the RBL cells and the A11 cells. transfected Lyn, they respond only weakly to aggregation

Another way of probing this question is to inhibit the ©f the FeRI (11). Together, these results suggest that the
formation of the microdomains using a cholesterol-extracting Mechanisms for the spontaneous and induced phosphoryla-
drug such as cyclodextrim8, 44. We reacted RBL and  tion are analogous. With that in mind, we explored each
A1l cells with 10 mM cyclodextrin fo 1 h and then factor currently known to influence that mechanism and were
quantitated the residual cell-bound IgE and the phosphoty-PIe to exclude all but one. Thus, the spontaneous phospho-
rosineper extracted FeRl. Notably, whereas there was an 'ylation could not be accounted for by the binding of IgE to
~60% loss of receptors from the treated RBL cells [¢E)], the receptor, by an unusually high constitutive association
there was little or no loss from the A11 cells. In duplicate ©f Lyn with the receptor, nor by a heightened specific activity
experiments, the remaining receptors from the cyclodextrin- Of the transfected Lyn. Of course we cannot rule out the
treated RBL cells actually showed a 4.7-fold increase in fémote possibility that somehow in vivo the activity of the

“spontaneous” phosphorylation compared to those recoveredfansfected Lyn is amplified by a mechanism that would not
from the untreated RBL cells. However, the exalted phos- be discernible in vitro. We found no evidence for a reduced

phorylation of the receptors from the A1l cells was unaf- phosphatase activity, nor an enhanced association of the

fected by the treatment with cyclodextrin; the treated cells Unaggregated receptors with detergent-resistant micro-
showed the same high level of spontaneous phosphorylatiordomains. The marked augmentation of the anomalous

as the untreated ones (Table 5). phosphorylation at physiological or higher temperatures,
conditions that would promote hydrophobic associations,
DISCUSSION made attractive the possibility that the receptors were

spontaneously translocating to microdomains with their

Following their aggregation, ERI and closely related  specialized lipids 42). It also seemed plausible that the
receptors of the immune system become phosphorylated orconcentration of particular glycoproteins in the microdomains
canonical tyrosines in their cytoplasmic domains, the initiat- might have attracted the anomalously glycosylateeRFc
ing event in the cellular responses they stimulate. The centralHowever, direct analysis provided no support for such a
role played by this mechanism has prompted extensive mechanism, and disrupting the microdomains with cyclo-
investigations of the factors that influence it. Although dextrin failed to diminish the spontaneous phosphorylation.
relatively simple compared to other members of this family  There was no evidence for a spontaneously arising
such as the antigen receptor on T lymphocy#8),(even  mutation leading to an alteration in the amino acid sequence
FceRI engage in complex interactions. They have been which could have led to spontaneous phosphorylatg, (
proposed to involve associations with one or more kinasespossibly as a result of spontaneous aggregation, but we did
(47, 48, phosphatased9, 50, membrane “microdomains”  observe a change, presumptively an enhancement, in the
(8), and cytoskeletal componentslj. glycosylation of the receptorsi subunit (Figure 6). Spon-

To isolate some of these early events for more detailed taneous aggregation of this and other receptors have been
study, we transfected ERI and Lyn into CHO fibroblasts.  seen as a result of deficient glycosylation, although not to
Surprisingly, the receptors on unstimulated transfectants ex-our knowledge as a consequence of enhanced or otherwise
hibited phosphorylation of their tyrosines many-fold greater altered posttranslational conjugatiord¥{39). Differences
than that observed on the rodent mast cell line from which in the glycosylation of the ectodomains of proteins such as
the transfected genes for the receptors had been derived. Thigransplantation antigens can give changes in their diffusibility
report describes our investigation of this spontaneous phos-although this may depend on the particular cellular milieu
phorylation. (52, 53. Ironically, in the present context, CHO transfectants
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showed only minimal effects of such alteratids®)( We used

a variety of approaches to obtain evidence for spontaneous
aggregation of the receptors: co-immunoprecipitation, chemi-

cal cross linking, comigration, and energy transfer proce-

dures, but failed to detect any evidence for such associations. 13

However, even with the least perturbing and perhaps most

sensitive assay, FRET, approximations may fail to be 14.
detected. This can be seen from the results shown in data 15.

rows 4,5 and 11,12 in Table 4. Despite the functionally
significant aggregation produced by the antigen and unla-
beled anti-IgE, the energy transfer was negligible.

Thus, the only difference related to thecR¢ we have

observed between those cells in which a significant propor- 18.

tion of those receptors are spontaneously phosphorylated

glycosylation of the ectodomain of tlechain of the FeRI.
Although it is plausible that this difference induces spontane-

ous transient aggregation, we cannot rule out other changes 21.
22.

in the membranes that could in whole or in part contribute
to the phenomenon.

Concluding RemarksFor receptors that are largely
“activated” by approximation, the transient associations
between such receptors that result from their rapid diffus-
ibility (54) might be expected to engender spontaneous
activation with greater or lesser frequency even in the
absence of ligand56), and fortuitously arising subtle
structural changes could enhance such background “noise”.
It is interesting to speculate how cells protect themselves
from such spurious initiation of signaling cascades. One such
safeguard that can limit the propagation of unwanted initial
signals is a kinetic proofreading regimeb6). In such a
regimen, thdifetime of the initiating component and not just
its concentration becomes critical. We have presented

evidence that at least some of the cellular responses generated3 0.
31.

by FaRI are constrained by just such a regimés)(
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