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INTRODUCTION 

This review is about one of the physiologically important macromolecules 
that interact with the Fc domains of immunoglobulins. Such substances 
(complement, "immunoglobulin binding factors," Fc receptors) can convert 
the simp le binding of antigen to antibody into a biologically meaningful 
event. 

The protein we review he re-the Fc receptor with high affinity for 
monomeric immunoglobulin E (IgE}-is only one of several proteins that 
interact with IgE (1-5). In addition to high affinity, its special characteristic 
is its distribution on the plasma membrane of mast cells and basophils 
exclusively. Activation of this receptor initiates release of preformed 
mediators contained in int racellular granules and the biosynthesis of a 
variety of biologically active lipids such as the leukotrienes. Here we review 
what is known about the structure of this receptor and the early 
biochemical events that it initiates. We do not consider the conse quences of 

1 The US Government has the right to retain a nonexclusive, royalty-free license in and to 
any copyright covering this paper. 

2 
Abbreviations : IgE, immunoglobulin E; RBL, rat basophilic leukemia; PI, phosphatidyl 

inositol; PIP, phosphatidyl inositol-4-phosphate; PIP 2, phosphatidyl-4,5-bis phosphate; 
Ado Met, s-adenosylmethionine; AdoHcy, s-adenosylhomocysteine. 
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420 METZGER, ALCARAZ, HOHMAN ET AL 

these initial perturbations-an area that deserves separate discussion. 
Because our subject has been regularly reviewed (6-8), we focus principally 
on recent data . 

MATERIALS AND METHODS 

IgE and Cells 
Mo lecular characterization of receptors requires reasonable amounts of 
material. With respect to the ligand, human IgE myelomas have been 
available since the late 1960s (9), but the lack of suitable preparati ons of 
human cells was a serious drawback. Modest numbers of mast cells can be 
purified from rats and mice, but preparing sufficient rodent IgE was 
laborious (10). The discovery by Bazin and his colleagues of rat 
immunocytomas ( 1 1 ) , many of which secreted homogeneous IgE (12) ,  was a 
major breakthrough. The development of the monoclonal antibody 
technology ( 13) now permits the preparation of virtually unlimited 
numbers and amounts of antigen-specific mouse IgEs. One of these- HI­
DNP- e-26.82, which is specific for the dinitrophenyl moiety (14) -has been 
particularly popular. 

The unique development of a basophilic leukemia in rats treated with /3-
chlorethylamine was first reported in 1 973 ( 1 5). In vitro culture of these 
RBL cells was initiated in our laboratory that same year (16) and 
independently by Froese and his colleagues in 197 5 (17). These initial 
isolates are apparently the source of all subsequent work on these widely 
used cells. By several criteria these cells seem most closely related to so­
called mucosal mast cells ( 18). 

The ini tial cell lines appeared granulllr and had lo w but palpable 
amounts of histamine and substantial numbers of receptors ; even so, they 
failed to undergo receptor-mediated secretion ( 16) .  Subsequently secreting 
cell lines arose spontaneously-an event so unexpected that the cells were 
originally thought to have arisen from a mouse mastocytoma (19, 20). 
Cloning of the releasing cells led to a line, 2 H3(HR +), (21) which has 
continued to be highly functional. Recently, other cell lines have been 
prepared that will be useful for comparative purposes (22). 

The IgE-mediated release from RBL cells has many of the characteristics 
of release from human basophils and rodent mast cells (23). Similarly, no 
substantial discrepancy between the structure of the receptor on the RBL 
cells and that on no rmal cells has been uncovered , although on ly limited 
comparative data are available ( 17, 24-27). The differences that do exist, 
rather than diminishing the usefulness of the tumor cells, may assist in 
sorting out the essential from the trivial. Likely, this will be equally true for 
the reactions initiated by the receptor. 
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Purification of the Receptor 
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Once solubilized , the recep tor can be absorbed to IgE-adsorben ts. After 
washing, the recep tor can then be released by use of a varie ty of 
pro tein-dena turan ts (7 , 28 , 29). There are problems wi th this approach. (a) 
Since the adsorben ts will likely con tain aggrega tes of IgE as well as 
monomeric IgE, cellular pro teins wi th low affini ty fo r monomeric IgE may 
coabsorb (1). (b) The aggrega ted IgE may ac tiva te those recep tors absorbed 
to i t-if such an even t as "ac tiva tion" indeed occurs (see below). (c) The use 
of dena turan ts can dissocia te the recep tor (30) and may induce func tional 
changes. Since no func tional assays as ye t exis t, such changes are 
unde tec table . (d) Nonspeci ficically absorbed con taminan ts may also be 
released by the dena turan t. 

An alterna tive approach involves binding monomeric IgE to the recep tor 
e ithe r befo re o r  afte r  solubili za tion and then trapping the Ig E ei ther on 
an an tihap ten adsorben t u tilizing hap ten-con juga ted IgE (31, 32) or on 
a hap ten-conjuga ted adsorben t using a ntigen-specific IgE (33). After 
washing , the IgE-recep tor complexes can be elu ted wi th hap ten wi thou t 
employing dena turan ts. The slow ra te of dissocia tion (3 4) preven ts 
appreciable losses of recep tor throughou t puri fica tion especially when 
nmolar concen tra tions of IgE and recep tor are used. The disadvan tage of 
this approach is tha t  IgE -recep tor co mplexes, ra ther than unliganded 
recep tors, are purified. However , the binding of monomeric IgE to the 
recep tor is no t known to lead to any changes in the recep tor (see below) , so 
tha t  in principle this is no t a serious problem. With this procedure 30% 
yi elds of in tac t recep tors can be isola ted. Mos t cu rren t l ines of RBL cells 
have approxima tely 3 x 10 5 recep tors per cell and can be readily grown to 
a densi ty of 10 6  cells/ml. Thus 10  li ter of cells can yield ", 1 .5 nmol recep tor. 

STRUCTURE OF THE RECEPTOR 

Analysis of the recep tor was ini tia ted in the mid-1970s in several 
labora tories, and progress has been regularly reviewed (6, 7). In 1 983 we 
presen ted a new model for the recep tor (35) ,  and we use tha t  model as the 
basis for discussing recen t observa tions. We focus on several major aspec ts : 
The proper ties of the subuni ts tha t  cons ti tu te the uni t recep tor ; the 
topology of these subuni ts in the membrane ; the in terac tion of the recep tor 
wi th de tergen ts and lipids ; and some ques tions of defini tion. 

Covalent Structure 

PROTEIN CHEMICAL APPROACHES The model of the recep to r con tain s four 
polypep tide chains : a single ex chain (36) , which con tains the binding si te for 
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422 METZGER, ALCARAZ, HOHMAN ET AL 

Ig B (17, 24), a single � chain (26, 33) ; and two identica l, disulfide-linked y 
chains (27) (Figure 1). Some of the properties of these chains are co llected in 
Table 1 .  

New findings support specific features of this mode l. On the basis of the 
produc ts of pro teo ly tic cleavage of the a chain (46) and, la ter, on the basis o f  
the kine tics of pro teo ly tic c leavage of recep tor bound IgE (47), we proposed 
that the a chain consis ts of two simi lar-sized but noniden tica l domains. 
That the Fab fragments o f  a particu la r  monoc lona l antibody directed to the 
a chain (antibody BC4) bind in a ra tio of I"V 2 mols per mo l receptor (48) is 
c onsis ten t wi th this proposa l. We a ls o  proposed tha t  the two y chains are 
iden tica l, and two-dimensional ana lysis of in tac t y chains subsequen tly 
confirmed tha t  conclusion (unpublished observations). 

That the y components are no t degrada tion produc ts of ei ther a or p has 
been further confirmed by two-dimensional chymo tryptic peptide maps of 
ex trinsically iodinated ex, P, and y, which show discrete pa tterns wi th 
essentia lly no common pep tides (G. A lcaraz, l.-P. Kine t, H. Me tzger, 
unpub lished observations). This confirms the distinc tiveness of the y chains 
and implies that lengthy runs of sequence identity be tween them and P or ex 

are unlikely. We ha ve insu ffic ien t da ta to s how tha t by the same cr iter ia this 
is also true for the rela tionship be tween IX and p. 

GENETIC APPROACHES To exp lore the sequences and sequence ­
relationships fur ther, c loning of the genes that code for them is the most 
reasonable s tra tegy. We plan to prepare cDNA probes syn thesized on the 
basis of limi ted sequence ana lysis. Because the amino terminus of each of 
the chains appears to be b locke d (36 ; J.-P. Kinet, G. A lcaraz, H. Metzger, 
unpublished observa tions, in co llaboration with M. Bond), isolation of one 

Figure 1 Schematic diagram of receptor for 
immunoglobulin E. The circles represent 
spheres whose volumes are proportional to 
the mass of the peptide and carbohydrate 
(shaded areas) they define. From Ref. 35 by 
permission. 
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I� RECEPTOR 423 

or more peptides is necessary to o btain such data ; isolation of tryptic 
peptides has been initiated. 

An alternative approach is to prepare c DNA from mRNA with or 
without prior fractionation of the latter. Using RBL cells, Pure et al ( 49) as 
well as Liu & Orida (50) o btained 1 3-1 4S fractions ofmRNA from sucrose 
gradients that, when injected into frog oocytes, induced binding activity for 
IgE. Analysis of this IgE- binding material on polyacrylamide gels showed 
principally a 3 1  kd component of uncertain relationship to either the C'i, {J, or 
')' chains (50). Liu et al (5 1) have cloned the dou ble-stranded c DNA prepared 

Table 1 Properties of the subunits of the receptor for immunoglobulin E" 

Properties 

Mol/mol receptor (35)b 

Mr (kd) (27, 33, 37) 

Labeling properties 
Extrinsic 

Surface 
Intact cells, vesicles (17, 24, 38) 
Lysed vesicles (38)C 

Intramembrane (27, 39) 
Intrinsic 

Glucosamine (24, 27, 40) 
Phosphorus (41, 42)d 

Fatty acids (45) 
Composition 

Carbohydrate (wt%) (36) 
Amino-acids (mol%) (36)' 

Basic (Lys, Arg, His) 
Acidic (Glx, Asx) 
Hydroxy (Ser, Thr) 
Hydrophobic (Val, Leu, Ile) 
Aromatic (Tyr, Phe, Trp) 
Other 

Cys 
Met 
Gly, Ala, Pro 

• Data from RBL cells exclusively. 
b Reference. 
, Refers to labeling in addition to that seen on intact vesicles. 

45 

+ 

+ 

+ 

30% 

14.6 
20.7 
16.1 
22.7 
11.3 

2.36 
1.04 

14.0 

Subunit 

{J 

1 

33 

+ 
+ 

+ 
+ 

11.2 
20.9 
19.4 
23.6 

8.3 

2.05 
1.3 

18.6 

')' 

2 

9 

+ 
+ 

+ 
+ 

15.7 
20.7 
12.3 
26.1 

8.0 

1.92 
0 

17.1 

d Refers to intact cells only. Hempstead et aI (43, 44) report labeling of 0< chains on rat peritoneal mast cells. 
'The data for the fJ and y chains are from G. Alcaraz, T. Y. Liu, loP. Kinet, H. Metzger (unpublished 

studies). 
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424 METZGER, ALCARAZ, HOHMAN ET AL 

from such mRNA fractio ns, a nd this c DNA i n  turn hy bridi zes with the 
mRN A codi ng for the 31 kd protei n. I n  the ami no acid seque nce pu bl ished 
so far (e ncompassi ng approximately o ne half of the peptide), there appear to 
be five methio ni nes-more tha n our ow n a nalysis suggests for either the a, 
13, or y chai ns (Ta ble 1). Liu et al suggest that possi bly their protei n 
represe nts the similar-si zed material descri bed by Kulczycki & Parker (2 9) 
a nd Holowka & Baird ( 38). 

The relatio nship of the pro tei n descri bed by Liu a nd his colleagues to the 
a, 13, a nd y chai ns could be clarified with suita ble a nti bodies. Reports exist of 
a nti- a-chai n a nti bodies (7, 48, 52, 5 3) ,  but no rigorous a nal ysis of their 
speci ficity or of their cross-reactivity with the clo ned protei n has bee n 
pu blished. We (a nd perhaps others) have tried to prepare a nti bodies specific 
for 13 a nd y but as ye t we have not succeeded. 

Topology 

New evide nce supports o ne or a nother aspect of the topology of the 
receptor , as depicted i n  Figure 1 .  Holowka & Baird ( 38) used lactoper­
oxidase to label regio ns of the receptor exposed o n  plasma mem bra ne 
vesicles prepared by treating RBL cells with formaldehyde a nd dithio­
threitol (54). The i ntact vesicles, which appeared to be primarily right side 
out, revealed labeling of the (f. chain almost exclusively. Labeli ng after lysis 
of these vesicles produced no i ncrease i n  the modi fication o f  a bu t now 
revealed labeling of 13 a nd y. These results are co nsiste nt with the model . The 
results of Lee & Co nrad (55) are also co nfirmatory. As we did also (26, 56, 
57), they o bserved covalent cross-linki ng of (J., 13, a nd y whe n bifunc tio nal 
reagents were reacted with the solu bili zed receptors. However, whe n 
mem brane-impermea ble cross-li nki ng reagents were reacted with i ntact 
cells , no cross-linking was evide nt (55). [With mem bra ne-permeant re­
age nts suc h as the bis-imidates, cross-li nki ng of rx., 13, a nd y o n  i ntac t  cells is 
o btai ned (26).] These o bserva tio ns are co nsis te nt wi th mi nimal or no 
exposure of the 13 a nd y chai ns o n  the surface (Figure 1). Although some 
additio nal a nalyses are needed to improve the accuracy of our ami no acid 
a nalyses, the curre nt data (Ta ble 1 )  show that the ge neral distri butio n of 
hydropho bic a nd hydrophilic ami no acids i n  rx., 13, a nd y is similar. Thou gh 
e nriched i n  hydropho bic residues compared to solu ble protei ns i n  ge neral 
(58), each chai n has numerous hydrophilic a nd charged residues ; this 
i ndicates that each is partially exposed to a n  aqueous e nviro nme nt. 

We emphasize that the curre nt topological scheme is based i n  part o n  
negative data a nd i n  part o n  no data whatsoever. For example, there are no 
da ta tha t allow o ne to speculate whe ther rx. i nteracts wi th P or wi th y. O nly a 
hint exists that (J. does not i ndepe nde ntly i nteract with both (see below). 
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DETERGENTS An unusual feature of the rxf3Y2 complex is its dissociation in 
so-called mild detergents (30, 56), and it was this property that delayed 
detection of the f3 and Y chains. Two observations have allowed us to 
examine this dissociation in detail. The first was that the instability could be 
largely obviated by maintaining the solubilized receptor in submicellar 
detergent (30, 59). The second was that by briefly exposing the receptor to 
micellar detergent in the absence of lipid and then maintaining it in 
submicellular detergent, even the ex chain in the IgE- exf3Y2 co mplex could be 
labeled (see also below) (30, 45, 59). 

Our principal findings on the dissociation of f3 and Y2 from rx were as 
follows ( 30) : (a) The f3 chain and dimer of Y chains always dissociated in 
unison. This is a hint that f3 and Y don 't interact independently with rx 
(Figure 1). (b) The dissociation is due to detergent micelles and, under 
appropriate conditio ns, the extent of dissociation correlates well with the 
concentration of micells regardless of which of six different commo nly used 
mild detergents is employed. (c) Under otherwise mild conditio ns, the molar 
ratio of detergent monomers (in micellar form) to receptor that is required 
for dissociation is about 105• This ratio is strikingly higher than the ratio of 
detergent to lipid that is required to dissolve membranes, where a ratio of 

'" 2 suffices (60, 61). (d) Detergents that are most effective for dissolving 
biomembra nes-those with an HLB number (62) of about 1 3  (63)-disrupt 
the receptor most e fficiently. (e) At low levels of micellar detergents, the 
kinetics of dissociation implicate a component other than the receptor and 
the deterge nt, that influences the process. We believe this component is lipid 
that is tightly associated with the receptor (below). 

The dis sociability in mild detergents of the f3 and Y chains from the a 

chains is useful for preparatory isolation of the subunits, especially when 
Triton X- 114 is employed (5 9, 64). With this detergent we can separate the ex 
subunits of the receptor from the f3 and Y chains under conditions that 
maintain high concentrations of all the subunits and that are otherwise 
extremely gentle (5 9). Nevertheless, we have not so far been successful in 
recombining the f3 and y chains with rx, once they have been dissociated. 

LIPIDS Recent studies indicate that lipids bind to the receptor in several 
ways (45). Evidence for loosely bound lipid is derived from observations on 
the conditions necessary to iodinate extrinsically the ex chain ofthe receptor 
in the IgE- af3Y2 complex (see above). Previous data had indicated that ex 
could not be oxidatively iodinated once bound to Ig E ( 17, 25). We found 
that if the complex was briefly exposed to lipid-free micellar detergent and 
then iodinated in submicellar concentrations of detergent, substantial 
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iodination of the C( chain is o btained. If micellar detergent, with or without 
lipids, is added back to the complex prior to iodination ,  the la belin g of C( 

is a gain suppressed. These o bservations suggest that there are sites on or 
near the C( chain to which lipid binds weakly and that these are rather 
nonspecific. 

Evidence for tightly bound lipid comes from the o bservation that 
phospholipids p revent the dis rup tive action of dete rgent (4 5, 56), and from 
the di ssociation studies cited above that implicated a third component. 
Cell -derived mixed lipids are the only ones that have so far been found to 
protect fully against the disruption induced by detergent (45, 56) ; this 
suggests that the tightly- bound lipid may be rather specific. A direct 
analysis to te st this proposal has been initiated (65). 

The receptor also contains covalently bound lipid (45). Because only 
small amounts of radioactive fatty acids are incorporated, it is impractica l 
to assess the molar ratio of fatty acid to polypeptide. In the a bsence of 
knowledge of whether a su bstantial proportion of the receptors are 
modified, it is futile to speculate a bout the potential function of such lipid. 

Defining the Receptor 

p and Y2 dissociate from C( under conditions in which most multisu bunit 
mem brane proteins remain intact, and the p and y chains associated with C( 

chains already inserted in the plasma mem brane incorporate radioactive 
phosphorus (42) and fatty acids (45). These facts raise the question of 
whether it is appropriate, therefore, to consider the p and y chains as true 
su bunits of the receptor rather than as receptor-associated components. 
Once the molar ratio has been defined as reasonable (a small inte gral 
number), we consider the most decisive criteria to be biosynthetic ones. An 
examination of the biosynthesis more detailed than had been previously 
performed (27) has been pu blished (66). These new experiments showed that 
C(, p, and yare coordinately synthesized and de graded, and cannot exchan ge 
independent ly of each other once inserted into the plasma membrane. It, 
therefore, seems reasona ble to consider the C(PY2 complex as the unit 
receptor. 

BINDING OF IgE TO THE RECEPTOR 

Reaction Mechanism, Kinetics 
The principal findin gs have been reviewed (e.g. 67) and can be summa rized 
easily. All the evidence favors a simple bimolecular, nondiffusion­
controlled interaction between a monomer of I gE and a single univalent 
receptor to which it binds (34, 68, 69). The forward reaction can be descri bed 
by a sin gle-valued rate constant of about 10 5  M -1 S -1 for intact cells and 
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19E RECEPTOR 427 

about 30-fold greater for solubilized receptors. The reason for this 
discrepancy is uncertain. Possibly the slower rate is due to a "gating" effect 
of other glycoproteins on the cell surface (69). Alternatively, the bending of 
IgE, which may occur when it binds to cell-bound receptors (see below), 
may not happen when IgE binds to solubilized receptors (70). The former 
proposal can be studied by using receptors reincorporated into liposomes 
free of other proteins ( 57) ; the latter, with comparative studies using energy 
transfer techniques (70, 7 1 ) .  The forward reaction is unremarkable either in 
its rate constant or in its sensitivity to pH, temperature, salts, etc (34, 72). 
The dissociation is slow and has a concentration dependence appropriate 
for a unimolecular reaction. When studied over long time periods, the 
kinetics suggest that the receptors are heterogeneous since the dissociation 
data show a concave-upward shape on a semilog plot (73). The shape of this 
plot is not influenced by the fractional occupancy of the receptors (69), so 
there is no reason to invoke any (negative) coopera tive effect. These da ta 
likewise preclude a diffusion-controlled reaction (69). Thus, the slow rate of 
dissociation (k - 1 < 10 - 5 S 

- 1) accounts for the high a ffinity of the receptor 
. for IgE. 

Specificity 

The specificity for the epsilon isotype is virtually perfect-no homologous 
monomeric isotype can compete effectively against the binding of IgE. The 
species specificity is imperfect. For example, rodent IgE can bind to human 
cells (74), and recent evidence was presented that human IgE could bind to 
rodent cells (7 5). The former observation is not surprising ; it is only 
surprising that it had not been adequately tested previously . The latter 
finding is unexpected because it had earlier been found that human IgE 
cannot block the binding of rodent IgE (16, 76). In those instances the 
human IgE may have become largely inactivated, but because very large 
concentrations of the IgE were used, this explanation seems improbable. 
Another unusual aspect of these recent findings is that RBL cells failed to 
bind human IgE, whereas peritoneal mast cells did (7 5). Previous studies 
had suggested very similar binding properties for these cells (76, 77), and 
peptide maps failed to pick up reproducible differences in the ex subuni t 
which binds IgE (2 5). Some older studies had suggested that human 
reaginic sera could sensitize rodent mast cells (reviewed in 67) ; this could 
have resulted from minimal binding of IgE or perhaps from binding to 
other receptors. It was in any case difficult to reproduce (78). 

Binding Sites on /gE 

The binding of IgE to the receptor is not known to cause any significant 
perturbations by itself. Therefore, de finition of the sites on IgE that interact 
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with the receptor is unlikely to clarify the mechanism of action of the 
receptor. The interest in this area of research is prompted , rather, by the 
therapeutic implications of success. That is, if one could prepare suitable 
pep tides based on knowledge of the interactive sites , one might have a 
useful way of preventing sensitization of mast cells and basophils with 
endogenous IgE. 

OLDER DATA A problem in this line of investigation has been the failure to 
obtain small fragments of IgE that are active. Human IgE can be split by 
proteases to produce active Fc fragments [(C e2-C e3-C e4h] (79-81), but no 
smaller fragment has been found to be reproducibly active (reviewed in 47). 

Dorrington & Bennich (82) correlated the inactivation of binding of 
human IgE with the irreversible changes induced by denaturants and 
concluded that both the C e3 and C e4 domains-particularly the former ­
were involved. 

Pere z- Montfort & Met zger (47) attempted to generate active fragments 
by carefully controlled proteolytic digestion of rat and mouse IgE in the 
presence and a bsence of receptor. Although no active fragme nts (not even 
an Fc fragment) could be generated , the kinetics of cleavage at several sites 
yielded some useful information. The presence of receptor slowed ( but did 
not totally inhi bit) digestion at sites presumed to be between C t3 : C t4 and 
C .3 : C e2 (mouse IgE) or within C e3 and between C e3 : C E2 (rat IgE). The 
latter cleavage was most profoundly affected , the rate being su fficiently slow 
that the breakdown might a ctually have been of the small amount of IgE 
that had dissociated during the course of the experiment. These results 
clearly implicate a region close to the C e2 :  C .3 juncture on each epsilon 
chain as one that interacts with the receptor. 

NEW RESULTS 

Genetic Approaches Two groups have infected bacteria with plasmids 
bearing an insert of the c DNA that codes for all or most of the Fc region or 
the human epsilon chain (83, 8 4). The bacteria produced unglycosylated Fc 
fragments that bound to huma n mast cells o r  basophils with the requisite 
specificity. These results confirm previous data (with rodent IgE) that 
carbohydrate does not importantly contribute to the binding of IgE (85) . 
The fragment isolated by Liu et al (8 4) is missing the NH2-terminal one 
third of the C e2 region , so this region is apparently also not required. 

Both Ke nten et al and Liu et al had to use rather harsh conditions to 
isolate and purify the epsilon fragment dimers. This is not a trivial matter 
for the following reason . Both groups indicate that it will now be possi ble to 
perform site-specific mutations and to study their effect on the binding to 
the receptor. Such mutations may , however , change the sensitivity to , or 
reversi bility of, the denaturing conditions used to prepare the material. It 
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will be difficul t to di sen tangle lo sse s in ac tivi ty due to such e ffec ts from tho se 
due to al tera tion s a t  the binding si te s them selve s. 

Even if condi tion s could be found whereby the u se of dena turan ts co uld 
be avoided, the underlying a ssumption of all such studie s, i.e . tha t  an 
exchange of a specific amino acid will have only local e ffec ts, i s  no t 
univer sally true (86). It i s  likely tha t  many mu tan ts will have to be screened 
before an in terpre table pa ttern emerge s. 

Physicochemical approaches Holowka & Baird and their colleague s have 
employed energy tran sfer technique s to a sse ss the in terac tion of IgE wi th 
recep tor s on cell s or on membrane ve sicle s (54, 70, 7 1, 87). They in ser ted 
accep tor probe s in to the bilayer via hydrophobic tail s  and mea sured the 
quenching of fluore scen t donor probe s chemically a ttached to var iou s site s 
on IgE, or on an tibodie s to IgE, and of a fluore scen t hap ten in the 
combining si te s. E nergy tran sfer be tween probe s on an tibodie s tha t  bind a t  
or near Cel and somewhere in C,3 or C,4 (88) wa s al so mea sured. The 
q uench ing da ta can, w ith cer ta in a ssump tion s, be in terpre ted to y ield an 
average di stance be tween the donor and accep tor wi th .an . e sti ma ted 
accuracy of ± 20%. 

Such studie s yield only indirec t information and require too leng thy an 
in terpre tive analysi s  to review here. The au thors conclude tha t  the IgE 
bind s via only one face of the Fc region and bend sa t  the C,2: C,3 in terface. 
Bending a t  the analogou s in terface in IgM ha s been propo sed ,. and th is i s  
al so the principal locu s of the limi ted segmen tal fle xibili ty ofJg M  an d IgE. 
It is, therefore, surpri sing tha t  no sub stan tial change s in the fl exibil ity ofIg E  
occu r when i t  bind s to the cell-bound recep tor (8 9). More direc t al terna tive 
approache s will be nece ssary to confirm the model of Holowka e t  al. It i s, 
however, con si sten t  wi th the ob serva tion tha t  in terac tion s occur well 
removed from the di stal end of the F c and tha t  the terminal por tion s are no t 
to tally preven ted from in terac ting wi th enzyme s (47) or an tibodie s (88). 

Studies with monoclonal antibodies Ano ther way to iden tify the region s on 
IgE cri tical for binding to the recep tor is to employ monoclonal an tibodie s. 
Baniya sh and coworker s ( 90, 91) have de scribed a monoclonal an tibody 
"5 1. 3," which bind s to the Fc por tion o f  mou se IgE and ha s some in tere sting 
proper tie s. The an tibody block s the binding of IgE to RB L cell s bu t only 
p ar tially-55 -65% (90). Never thele ss, thi s  an tibody reac ts w ith cell-bound 
Ig E, albei t to a le sser ex ten t than to unbound IgE. When Fab fragmen ts of 
the an ti-IgE were prepare d and the stoichiome try of their binding a sse ssed, 
Baniya sh e t  al ( 91) e stimated tha t  3 mol s Fab bound per mol IgE in solu tion 
and only 2 mol s per mol wi th cell-bound IgE. The se ob serva tion s could be 
related. We sugge st there may be two pair s of similar epi tope s tha t  thi s 
an tibody recogn ize s. If the an tibody b ind s to site s of one se t (A) fir st, it 
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430 METZGER, ALCARAZ, HOHMAN ET AL 

inhibits binding of antibody to the other set (B) but does not inh ibit bind ing 
of IgE to the cell. Contrariwise, those mole cules of IgE to which anti body 
binds at site B first are inhibited from b ind ing to the receptor and have a 
reduced ca pacity to interact with the antibodies at site A. This could ex plain 
the partial inh ibition of binding, a phenomenon based on a stochastic event, 
rather than on the heterogencity of rece ptors, as the authors suggest (90). 
Our proposal could also e xplain the decreased b inding of the antibodies to 
cell -bound 19B. The B sites (above ) are unava ilable on cell -bound IgE, 
whereas the A s ites would still react with antibody. 

Differences in the reactivity of free and cell -bound IgE and the a pparent 
discrepancy in the o bservation that anti body can inhi bit bin ding but still 
react with cell- bound IgE, could also be ex plained by changes in the 
conformation of IgE when it binds, as noted above. 

Other strategies Each of the approaches descr ibed so far y ields results that 
are d iffi cult to interpret unamb iguously. It is appropr iate therefore to 
consider other stratagems. One is to compare the sequences of IgE from 
di fferent s pecies with each other and with sequences of other isoty pes of 
immunoglobul in. Given the part ial cross-reactivity of mouse and human 
IgE w ith the corresponding heterologous receptors (above ), it is d ifficult to 
know what to look fo r! Nota bly, the least divergent portion of the mouse 
and human eps ilon cha in is in C .4 (92 )-a region that is impl icated to a 
lesser extent than C .3 (a bove). It seems likely that com parative se quence 
analysis can at best prov ide a basis for dec iding on wh ich site -specific 
mutations it would be most profitable to focus (see a bove). We previously 
(6) suggested alternat ive approaches that st ill seem worth e xploring by 
those interested in this area : (a) Use of cross-l inking reagents and (b) 
modifi cation of IgE in the presence and absence of the receptor. Although 
the work in analyzing the a ppro priate pe ptides will be tedious, the results 
are likely to be less amb iguous than those produced by most other methods. 

AGGREGATION AS THE INITIATING SIGNAL 

We shall not recount once more the oft-rev iewed e xtens ive evidence that 
aggregation of the rece ptors is the initiating signal in IgE-mediated release 
(6 ). Rather, we shall focus on newer studies that re late to several s peci fic 
as pects of such aggreg ates. 

Size of the Aggregates 

Earl ier stud ies had suggested that aggregates of IgE as smal l as a d ime r 
might be su fficient to initiate release (93, 94) but the possi bility that minor 
quantities of larger aggregates were in fact the crit ical stimuli could not be 
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19B RECEPTOR 431  

e xcluded. The quantitative analy sis by Segal et  al  ( 95) appeared to settle the 
issue, since this showed that highly purified, covalently cross-linked dimer s 
could indeed initiate relea se from rodent ma st cell s. Similarly, human 
ba sophil s we re shown to be stimulated by dimeric IgE ( 96). The water wa s 
only a little muddied when Fewtrell & Metzger ( 97) ob served that with RBL 
cell s, dimer s  were virtually inactive in the ab sence ofDzO (below), and even 
in it s pre sence were con siderably le ss effective than trimer s, and the latter 
le ss than higher oligomer s. Analogou s studie s have been performed by 
Menon et al ( 98) u sing a monoclonal anti-IgE (A2(88)) that at low 
concentration s form s dimer s of IgE a lmo st e xclu sively but which at higher 
concentration s can form larger aggregate s (71). With this reagent, peri­
toneal ma st cell s show the same poor re spon se to dimer s a s  is shown by 
RBL cell s, wherea s with pr eformed dim er s of IgE, Segal et al studying 
cutaneou s ma st cell s ( 95) and Fewtrell & Metzger u sing peritoneal ma st 
cell s ( 97) found e xcellent re spon se s. Becau se putatively similar cell s may 
show sub stantial difference s in their re spon sivene ss to dimer s (below), 
e xperiment s with both type s of reagent s need to be performed with a single 
batch of cell s in order to determine the ba sis of this variability. 

The initial studie s on human ba sophil s  yielded quantitatively le ss 
dramatic difference s betw een dimers, trimer s, and higher oligomer s but the 
re sult s were qualitatively similar to tho se reported on RBL cell s ( 96). More 
recent studie s by MacGla shan & Lichten stein show a correlation between 
the "relea sability" of cell s and their ability to discriminate between dimer s 
and higher oligomer s, i.e. their ability to re spond to dimer s ( 99, 100). It is 
known that the peripheral blood ba sophil s of 1 0 -20% of donor s fail to 
relea se when challenged with antigen or anti-IgE. Other donor s re spond to 
different degree s even when care is taken to compare cell s that have 
equivalent quantitie s of bound IgE. MacGla shan & Lichten stein find that 
cell s that are more re spon sive in general al so re spond well to dimer s, 
wherea s tho se t hat re spond sluggishly in general re spond poorly to dimer s 
but quite adequately to trimer s (100) . 

A fundamenta l question about the interpretability of the studie s with 
small oligomers of IgE is raised by a recent ob servation of Holowka & 
Baird' s grou p. They showed t hat ce ll-bound smal l o ligome rs of IgE wit h a 
multiplicity < 6 slowly coale sce and form larger clu ster s containing 100 s  to 
1000 s of molecule s (101). This raise s  the que stion of whether the concept of a 
"unit signal" being a s  small a s  a dimer of receptor s mu st now be discarded. 
The implicit a ssumption of the original propo sal ( 95) wa s that oligomer s of 
IgE who se maximum size wa s well defined would induce aggregate s of 
receptor s, the multiplicity of which had a similarly well-defined upper limit. 
If this is not the ca se, then although it might still be true that a dimer could 
initiate the chain of event s, the size of the mechanistically active aggregate 
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of re cep tor s  would remain un cer tain. Holowka & Baird and their 
colleague s have provided da ta tha t sugge st the original propo sal i s  still 
likely to be corre ct. Allowing re cep tor s o ccupied by small oligomer s to 
coale sce in to larger aggrega te s  prior to ini tia ting relea se by a tempera ture 
jump had no e ffe ct on ei ther the magni tude or the kine ti cs of the sub sequen t 
degranula tion ( 98 ). T hu s, al though i t  i s  diffi cul t to rule i t  ou t comple tely, the 
coale scen ce of agg rega ted re cep to rs in to larger clu ster s  doe s no t seem to 
play an e ssen tial role, and wi th re spon sive cell s, dimer s of re cep tor s appear 
to be capable of genera ting a t  least a modest or, in some ca se s, an op timal 
signal. Whether thi s  signal i s  adequa te to indu ce substan tial relea se appear s 
to be related to o ther fa ctor s, still undefined. Where the que stion ha s been 
examined, all the per turba tion s tha t  appear to refle ct early even ts ( see 
below) ex hibi t the di fferen ce be tween stimula tion by dimer s and trimer s, 
e tc. 

Number of Aggregates 

Lo calized aggrega tion of re cep tor s by reagen ts bound to bead s indu ce s  
only lo calized degranula tion (102). Fur thermore, all the quan ti ta tive 
analy se s  sugge st tha t more than a single aggrega te of re cep tor s i s  ne ce ssary 
to ge t maximum degranula tion. Bu t the se studie s al so indi ca te tha t  only a 
few per cent  of the to tal re cep tor s need to be aggrega ted to observe 
sub stan tial relea se (2 3, 97 ). Never thele ss, the do se re spon se curve s are 
relatively shallow, and per uni t of relea se, progre ssively larger number s of 
re cep tor s mu st be engaged a s  maximal relea se i s  approa ched ( 97 ). There are 
in suffi cien t da ta to a sse ss the stage a t  whi ch the rela tive refra ctorine ss 
o ccur s, bu t it i s  likely to be an early one. For example, the breakdown of 
p ho sp ha tidyl ino si tol s (PI s) can be studied on RBL cell s ( see below) u sing 
trimer s ofIgE, and the maximum number of re cep tor s tha t  cou ld have been 
aggrega ted can be de termined from the number of trimer s tha t were bound. 
De te ctable breakdown i s  observed w hen n o  more than � 100 re cep tor s per 
cell could have been aggrega ted (10 3), but even thoug h more and more 
re cep tor s be come aggrega ted, a propor tional in crease in breakdown of PI 
doe s no t o ccur. I t  i s  likely tha t  the progre ssive di spropor tionali ty i s  
amplified by the pro ce ss of de sen si tiza tion ( see below). In any ca se, un til 
some of the fundamen tal bio chemi cal phenomena in bo th a ctiva tion and 
ina ctiva tion can be iden tified po si tively and studied independen tly, the 
rela tion ship be tween the number s of re cep tor s aggrega ted and the amoun t 
of relea se probably canno t  be studied rigorou sly. On the o ther hand, i t  i s  
already clear tha t the maximum relea se of mediator s a ttained i s  no t limi ted 
by ei ther the number of re cep tor s aggrega ted nor, for example, by the 
amoun t of PI broken down. Thu s, maximal (bu t in comple te) relea se i s  
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obtained before either of the latter two phenomena have reached a 
ma ximum (103). 

Mechanistic Role of Aggregates 

In later section s, we review a variety of phenomena each of which ha s been 
reported a s  an early con sequence of aggregation of the receptor s. The role 
of the receptor ha s not been defined for any of the se event s. In thi s section 
we, therefore, con sider some general a spect s of thi s problem and review 
what progre ss ha s been made in it s solution. 

INTRINSIC ACTIVITIES We previou sly indicated that it i s  u sefu l to con sider 
two classe s  of po ssible mechani sm s  (6). Upon aggregation, the receptor 
it self may a ssume one or more function s, such a s  forming a channel for ion s 
or carrying out an enzymatic activity. The fir st step s in te sting for such 
intrinsic activitie s have been accomp li shed : Method s of purification have 
been devi sed that obviate the need for u sing ordinary denaturant s (32), and 
the deleteriou s e ffect s of the mild detergent s nece ssary to solubilize the 
receptor s can be minimized eithe r by maintaining a low micellar 
detergent : lipid ratio or only submicellar concentration s of detergent s 
throughout purification (30, 56). Uncovering such intrin sic activitie s 
pre sent s several problem s. Fir st, one mu st decide for which activitie s to te st. 
Such e xperiment s may require a con siderable e ffort, becau se in such 
analy se s  negative results mean nothing, and becau se the activity one i s  
searching for may be rather specific. For e xample, it ha s been propo sed that 
a serine protea se i s  activated a s  an early con sequence of aggregation ( see 
below). Thi s could be analogou s to the mechani sm of activation of C l  
where C lr become s a protease. However, C Is i s  virtually the only known 
sub strate for thi s enzyme ! Therefore, the protea se activity of the receptor 
for IgE, if it e xi st s, could be mi ssed entirely without the appropriate 
sub strate. Furthermore, the intrin sic activity sought for may require the 
receptor (and it s sub strate, if there i s  one) to be incorporated in a bilayer 
structure-po ssibly in a bilayer who se total concentration of protein s i s  
similar to the native one. Some general a spect s of thi s latter problem are 
di scu ssed in Gra sberger et al (104). So far no evidence for an intrin sic 
function of the receptor ha s been pre sented. 

EXTRINSIC ACTIVITIES The receptor, like IgE, may have no intrin sic 
function, and a di stal componen t may be the one activated by interaction 
with the aggregated receptor. We have termed thi s an extrinsic function of 
the receptor (6). There are a variety of way s to find evidence for such 
component s. Method s such a s  radiation inactivation and mea surement of 
rotational or tran slational diffu sion have the advantage of being applicable 
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to intact systems-even living cells-but can give only very indirect 
information . Direct methods involve trying to isolate a com ple x com posed 
of the receptor and the relevant molecule, by maintaining the interactions 
with the use of gentle procedures for purification or covalent cross-linking 
reagents. Currently two candidates exist for molecules that interact with the 
receptor (see below), though it is not known whether this interaction is due 
to some intrinsic action of the receptor u pon them or simply to aggregation 
of the receptor per se. 

INITIATION AND PERSISTENCE OF PERTURBATIONS We comment on one 
additional general aspect of the role of aggregation : that is, whether a 
particular perturbation, once initiated, can persist in the absence of 
aggregation of the receptor. Only the very late stages of internal ization of 
the receptor show this property. Thus, whatever the mechanistic role ofthe 
aggregation may be, it, rather than some later ste p, a ppears to be the time­
dependent one for virtually all receptor-mediated events. However, there 
are the perturbations that, although initiated by and dependent upon 
aggregation throughout their own lifetime, appear not to persist through­
out the lifetime of other aggregation-dependent steps (Table 2). The role of 
such phenomena is unclear. Whereas results with various inhibitors suggest 
that at least some of these perturbat ions play an essent ial role, they clearly 

Table 2 Early perturbations stimulated by aggregating the receptor for IgE 

Perturbation Initiated Lifetime 

Morphological changes 
in plasma membrane Very early Throughout secretion 

Immobilization of 
receptors Very early Throughout secretion 

Internalization of 
receptors Delayed Throughout secretion 

Activation of 
protease Very early Uncertain 

Activation of methyl 
transferase Very early Brief" 

Rise in cAMP Very early Brief 
Hydrolysis of PIs Early Throughout secretion 
Opening of channels 

for Ca2+ Early Throughout secretion 

• Refers to incorporation of counts into phospholipids. 
b See text. There are some data which suggest otherwise. 

Dependent on 
extracellular 

Ca2+ 

No 

No 

No 

No 

Partial" 
No 

Yesb 

Yes 
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canno t si mply be the ini tial step in a single l inear sequence of even ts. They 
could, however, repre sen t an e ssen tial, parallel stimulu s. 

EARLY EVENTS INITIATED BY THE RECEPTOR 

Changes in Plasma Membrane and in Mobility and 
Distribution of Receptor 

CHANGES IN THE PLASMA MEMBRANE Morpholog ical change s in the pla sma 
membrane of cell s tha t  were reac ted wi th a var ie ty of l igand s have been 
documen ted in several sy stem s (105-108). Similar even ts have recen tly been 
documen ted by Pfei ffer e t  al on RBL cell s, after aggrega tion of recep tor­
bound IgE ( 109). Pr ior to stimula tion the surface of the se cell s shows 
numerou s m icrov ill i ( 109, 1 10) , bu t w ith in 30 sec after aggrega ting the 
cell-bound monomer ic IgE, the surface become s highly lamellar. If 
the aggrega tion is induced by a mul tivalen t hap ten-pro te in conjuga te the 
original morphology of the membrane i s  re stored w ith in m inu te s  afte r  the 
add ition of hap ten. A s  l ittle a s  5 ng of an tigen-a do se that  produced 
max imal secre tion bu t only after 30 m in-produced max ima l morpholo­
g ical chang es in second s (10 9). O ther change s tha t  occur equally rap idly 
include a drama tic spread ing of the cell s and increa sed area s of adhe sion to 
the sub stra te. A general ized increa se in flu id p inocy to sis occur s somewha t 
more slowly. All the se even ts can proceed in the ab sence of added Ca 2 + in 
the med ium-a medium in wh ich exocy to sis doe s no t occur. Even in the 
pre sence of Ca2 +, ne ither the morphological change s nor exocy to sis occur 
if the cell s are stimulated wh ile in mi to si s. Th is is true de spi te the fac t  tha t  
the in ternal iza tion of the aggrega ted re cep tor s ( 1 1 1) a s  well a s  the recep tor 
med ia ted influx of Ca2 + (1 12), occur s normally. 

CHANGES IN MOBILITY OF RECEPTORS Earlier stud ie s  u sing fluore scen t 
label ing techn ique s and l igh t m icro scopy, or ' ferr itin-label ing techn ique s 
and elec tron m icro scopy (68, 113-1 1 9), showed tha t  the d iffu sely d is­
tr ibu ted recep tor s for Ig E, l ike many o ther membrane pro tein s, can be 
clu stered wi th a su itable mul tivalent reagen t. A t  least in tho se analy se s  tha t  
involved m inimal per turbation of the cell s (68), the involved recep tor s for 
IgE appeared to be independen tly mob ile. Pho to bleach ing techn ique s 
con firmed the se ob serva tion s and showed tha t  the tran sla tional d iffu sion 
coe ffic ien t-2 x 10-10 crn2 S-1 (1 1 7)-wa s sim ilar to tha t  found for o ther 
membrane pro te in s  when the se were stud ied w ith probe s tha t  d id no t 
aggrega te them ( 120). Examina tion of the ro ta tional dynam ic s  and 
elec trokine tic mob ili ty of unl iganded recep tor s and of recep tor s l iganded 
w ith monomeric IgE ha s led to sim ilar conclu sion s (120a, 1 20b). 

Menon e t  al ( 98, 121 )  have ex tended such pho to bleaching stud ie s on RB L 
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436 METZGER, ALCARAZ, HOHMAN ET AL 

cell s, u sing small preformed oligomer s of IgE, a s  well a s  the "A /' 
monoclonal anti -IgE antibody (88) which, a s  noted above, primarily form s 
dimer s at low concentration s and larger aggregate s only at high ratio s of 
antibody to IgE. On a time -scale similar to that ob served for the 
morphological change s in the pla sma membrane, sub stantial decrea se s  
occurred in the recovery of fluore scence in the bleached area s-mo st likely 
due to immobili zation of the receptor s. Thi s immobili zation occur s in the 
ab sence of added Ca 2 + in the medium and even at sharply reduced level s of 
cellular A TP. Dimer s of IgE, which induce virtually no exocyto si s  in the se 
cell s, al so do not induce immobilization. If D20 i s  added , the cell s do show 
a mode st amount of relea se and a corre sponding immobilization ( 1 21) . 
Thu s, a clo se correlation exi st s  between the degree of immobili zation of 
receptor s, bioche mical perturbation s such a s  the influx of Ca 2+, and th e 
breakdown of pho sphoino sitide s ( see below), and secretion. Becau se all of 
the latter proce sse s  require added Ca 2 + and normal level s of ATP, it i s  
apparent that they cannot account for the immobilization. It i s  more 
difficult to prove the oppo site, i.e. that the immobilization i s  a necessary 
antecedent for the other change s. 

Suggestive data implicate an interaction of the aggregated receptors with 

cyto skeletal element s during immobilization. First, immobilization i s  not 
seen on the bleb s of pla sma membrane s with which the se inve stigator s have 
recently worked ( 98) . If anything, the mobility of unaggregated receptor s on 
the se bleb s i s  increa sed, so that aggregation of receptor s, which should 
proceed normally on them, appear s, in and of it self, in su fficient to explain 
the immobilization. Such bleb s are, however, depleted of filimentou s F ­
actin ( 122). I n  normal pla sma membrane s, a rever sible attachment of 
aggregated receptor s to actin ha s been implicated becau se of partial 
colocalization of fluore scently label ed clu sters of IgE and phallacidin 
( see below). More direct evidence for such an interaction ha s al so been ob­
tained. If cell s are reacted wi th a covalent cro ss-linking reag ent prior to 
solubilization with detergent, the aggregat ed receptor s remain in the 
de tergent -in soluble pellet ( 26 ,  1 23) -a pellet which contain s cyto skeletal 
element s. 

The proce ss by which aggregated receptor s could become attached to 
cyto skeletal structure s i s  unclear. Indirect evidence for an active proce ss 
come s from the ob servation that phorbol e sters can induce internalization 
of membrane protein s ( 12 4-28) including the receptor for IgE (K. Furuichi , 
C. I ser sky , per sonal communication) . The phorbol e ster s probably do 
aggregate the receptor s directly. It i s  more plau sible that they induce 
covalent change s in one or more cellular component s involved in the 
interaction between the membrane protein and cyto skeletal components, 
either by activating protein kina se C (128) or by some other mechani sm. 
Neverthele ss, becau se the immobilization of the receptor s for IgE (a s well a s  
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19B RECEPTOR 437 

the ir coale scence and internal izat ion ; see below) is read ily rever sed by 
d isaggregat ing them, it is l ikely that the normal (nondrug- induced) process 
is pa ssive and ba sed upon mult ivalent interact ion s. 

Interact ion w ith cyto skeletal component s is al so impl icated in the 
clu ster ing of aggregated receptor s. A s  noted prev iou sly, Holowka & Baird 
and the ir colleague s (101) noted that when receptor s are aggregated even 
w ith relat ively small ol igomer s of IgE, patche s conta in ing thou sand s of 
receptor s gradually form. Such clu ster ing is not observed on the act in­
deple ted blebs, even when the latter are st ill att ached to cell s on wh ich 
unbl istered port ion s of membrane e xh ibit large- scale aggregat ion. The se 
latter clu ster s appear to be enr iched in act in, a s  a sse ssed by sta in ing w ith 
phallac id in (98). 

INTERNALIZATION AND REEXPRESSION OF RECEPTORS 

Effect of Monomeric IgE When the surface pro te in s  of RBL cell s are 
o xidat ively iod inated, e.g. w ith 125 1, and the cell s reacted w ith 1311-labeled 
IgE at var iou s t ime s thereafter, a fall in the rat io of 125 1 to 131 I is observed in 
the IgE-receptor comple xe s  subsequently isolated (66, 129). Since any 
increase in the total number of IgE -bind ing site s is too small to accoun t for 
the change in the rat io, the simple st interpretat ion is that labeled receptor s 
are progre ssively degraded and replaced by new unlabeled receptor s. 
A ssum ing such a mechan ism, the half-l ife of the unl iganded receptor s  ha s 
been calculated to be 8-12 hr (66,129). If a sim ilar e xper iment is conduc ted , 
but the cell s are e xpo sed to the IgE immed iately after label ing and at the 
start of the incubat ion, the receptor s  l iganded w ith IgE and the bound IgE 
are degrade d more slowly. The latter find ing agree s w ith the observat ion 
t hat in cell s reacted w ith radiolabeled IgE and e xam ined by elec tron­
m icro scop ic autorad iography, the reta ined rad ioact iv ity is observed on 
the surface of the cell only (73). One e xplanat ion for all of the se re sult s is 
that wherea s unl iganded receptor s are internal ized and degraded, receptor s 
l iganded w ith IgE are not inte rnal ized. If so, then the bind ing o �  monomer ic 
IgE ha s some sign ificant effect on the receptor and on it s interact ion w ith 
other cellular con st ituent s. An alternat ive e xplanat ion should be con ­
sidered. Th is po sit s that the bind ing of IgE produce s no sign ificant change 
in the receptor ; the l iganded and vacant receptor s al ike are internal ized and 
e xpo sed to ly so some s. However,ju st a s  the receptor can protect bound IgE 
from be ing hydrolyzed by exogenou s  protea se s  (47), so th e bo und IgE can 
protect the receptor from be ing degraded (28). Such undegraded IgE­
recep tor comple xe s  would then recycle to the pla sma membrane. Tha t 
receptor- lgE comple xe s  once internal ized can be ree xpre ssed ( see below) 
show s that such a pathway e xist s. The fa ilure to observe internal ized 
monomeric Ig E-receptor complexe s in the electronm icro scopic stud ie s  (73) 
could be e xpla ined quant itat ively. At any in stant in time only a small 
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4 38 METZGER, ALCARAZ, HOHMAN ET AL 

frac tion of the to tal IgE boun d to a normally cycling recep tor migh t be in 
the in terior, and thus i t  could escape de tec tion. 

Tha t RBL cells incuba ted wi th IgE show an increase in to tal recep tors 
(66, 129) could be rela te d  to the observa tion tha t  basophils from indivi duals 
wi th high levels of serum IgE have increased numbers of recep tors ( 130). 
Possibly, the normal mechanism by which the recep tors/cell is con trolle d is 
simply a balance be tween deg rada tion and biosyn thesis, ra the r than a more 
elabora te coun ting mechanism. 

Effect of oligomeric IgE If cells are reac te d  wi th pre aggrega ted IgE, or the 
monomeric IgE on thei r surface is aggrega ted wi th an appropria te 
mul tivalen t an tigen, the recep tors, the IgE, and, if presen t, the an tigen are 
fairly rapi dly in ternalize d. This phenomenon has been examine d in de tail 
by Isersky an d her collabora tors (1 1 9, 1 31-1 35). Their principal findings 
are : (a) Dimers ofIgE provi de a sufficien t s timulus for in ternaliza tion. Even 
on RBL cells, where dimers induce li ttle secre tion (especially in the absence 
of DzO) and exhibi t minimal immobiliza tion (see above), the process 
proceeds expedi tiously al though no t as rapidly as when trimers or higher 
oligome rs are tes ted (1 1 9). (b) The in te rnalized covalen t oligome rs and the 
recep tors to which they are bound a re no t reexpressed (1 1 9). (c) The kine tics 
of in ternaliza tion are similar on ra t peri toneal mas t cells and the RBL cells 
( tl/2 

3-5 min), even though the ra te of secre tion by the mas t cells is '" 20-fold 
grea ter than tha t  by RBL cells ( 1 31). (d) As is true of the morphological 
changes in the membrane and the immobiliza tion of recep tors described 
above, in te rnaliza tion proceeds as rapidly in the absence of added Ca 2 + as 
in i ts p resence (1 31). (e) The process is incomple te, wi th 40% or mo re of the 
IgE remaining on the surface (1 1 9, 1 31 ,  1 32). (f) A frac tion of vacan t 
recep tors, or recep tors liganded wi th monomeric IgE, transien tly "coendo­
cy tose" when recep tors aggrega ted wi th IgE are in ternalized (1 1 9). The 
coin te rnaliza tion is no t to tally in depen den t of a d de d  Ca 2 + ,  an d seve ral 
inhibi tors of exocy tosis ablate coin te rnaliza tion of monome ric recep tors 
wi thou t affec ting in ternaliza tion of aggrega ted ones (1 33). Peculiarly, the 
frac tional coen docy tosis is rela tively insensi tive to the ra tio of monomeric 
to aggrega ted recep tors. The process appears to be specific in tha t  
in te rna tionaliza tion of monome ric IgE- recep to r  complexes is no t observed 
even when the recep to rs fo r IgG on the same cells a re ex tensively 
aggrega ted. These resul ts sugges t tha t  a t  leas t a propor tion of the 
monomeric recep tors may in terac t wi th aggrega ted recep tors of the same 
type (1 34). A similar conclusion was reached by the Ishizakas on the basis of 
qui te differen t me thods (1 1 8). The failure to observe such in terac tions when 
copatching or immobiliza tion were examine d (68, 98, 1 17) may have resul te d  
from me thods tha t  we re less sensi tive and tha t  therefore failed to de tec t 
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small amounts of such interactions. (g) Even at fairly late stages of 
internalization induced by a multivalent hapten-conjugate, the process can 
be reversed by addition of hapten (135). Thus, internalization, like so many 
other phenomena we shall review, is in large part maintained only so long as 
the receptors remain aggregated. 

Relationship to secretion Since the morphological changes in the plasma 
membrane and the changes in mobility and distribution of the receptors 
are manifested in the absence of added Ca2 + ,  they must be initiated 
independently of other early events, such as the influx of Ca2 + and the 
hydrolysis of the phosphatidyl inositides, which require added Ca2 + (see 
below). It is unclear, however, whether the former are parallel phenomena 
or early steps in the sequence leading to secretion. This question is difficult 
to explore because most methods provide average data for the entire 
population of receptors, whereas it is known that aggregation of only a tiny 
fraction of receptors is sufficient to obtain a near-maximal response of the 
cells (see above). One experimental finding-but only one-suggests that at 
least the internalization of the aggregated receptors is not required : When 
the surface IgE is aggregated by concanavalin A attached to large beads, 
localized degranulation is observed (102). A test of whether aggregated, 
internalized receptors are competent to induce secretion could be per­
formed with an impermeant hapten. 

Activation of Pro teases 

Over 20 years ago Austen & Brocklehurst reported that inhibitors and 
substrates of proteolytic enzymes inhibited secretion by lung mast cells 
from guinea pigs ( 136). This basic observation has been reproduced many 
times with a variety of mast cells, with basophils, and with RBL cells, and 
with many different inhibitors and substrates that interact with serine 
proteases (reviewed in 8). Some confusion arose because there appear to be 
two stages of secretion sensitive to such inhibitors, but it now appears clear 
that one of these is at an early step. Thus, all of the biochemical changes we 
describe in subsequent sections appear to be blocked by these inhibitors. 
Whether the inhibitors also block the morphological changes of the plasma 
membrane and the changes in mobility and distribution ofthe receptor that 
occur upon aggregation of the latter has not been reported. However, 
preliminary data on RBL cells (K. Furuichi, C. Isersky, unpublished results) 
suggest that internalization is not inhibited by doses of phenylmethylsul­
fonyl fluoride that would be expected to block secretion. 

The inhibitors of prot eases are only effective ifthey are present during the 
aggregation of the receptors. If the cells are reacted with the inhibitors and 
washed prior to stimulation, the receptor-mediated changes occur nor-
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440 METZGER, ALCARAZ, HOHMAN ET AL 

mally. This implies that aggregation of the receptors is required to activate a 
protease which then becomes sensitive to the inhibitor. This protease has 
been dubbed Er (1 37). Evidence exists for an analogous entity (Ed) the 
receptor-mediated activation of which is required for receptor-induced 
desensitization (see below) ( 137, 1 38). The latter enzyme presumably has a 
lower KJ for the inhibitors than P, since low doses of inhibitors (10-40 nM 
in mouse mast cells) can block desensitization (induced by aggregating 
receptors in the absence of Ca2 +) without blocking the release that occurs 
when Ca2 + is subsequently restored ( 137, 1 38). This also indicates that Ed 
can be activated in the absence of Ca2 + .  Similarly, activation of Er appears 
to be Ca2 + independent. Thus, if the receptors are aggregated in the 
absence of Ca2 + and in the presence of high doses (10-4-10- 3 M) of 
inhibitor and the cells then washed prior to addition of Ca 2 +, the expected 
secretion is not observed. Presumably, the receptor-activated Ed and Er 
were both inactivated by the inhibitors during the incubation in the Ca2 + ­
free medium. These results are consistent with receptor-mediated activa­
tion of two discrete proteases as an early event. 

That exogenously added proteases can induce Ca2 + -dependent release 
( 1 39 and references therein) is consistent with such a model, but of course 
this result can also be explained otherwise. Although it would be interesting 
to know if exogenous proteases also initiate some of the biochemical 
changes induced by aggregation of the receptors for IgE, it is difficult to 
conceive how their use can provide insight into the nature of the putative 
endogenous enzyme(s). The substantial concentrations of inhibitors that 
are required to inhibit Er (see above) make it impractical to use affinity­
labeling techniques with radioactive inhibitors to try to identify the enzyme, 
although this approach might work for Ed. Identifying the molecular basis 
for the phenomenological observations is a major experimental challenge. 

Activation of Methyltransferases 

Activation of methyltransferases as an essential step in IgE-mediated 
secretion by mast cells was first reported by Hirata & Axelrod (140). We 
discuss these and related studies in some detail, first because it has been 
proposed that methylation may be one ofthe earliest steps in secretion, and 
second because of the controversy that surrounds these findings. To 
evaluate the experimental data, the metabolic pathways must be under­
stood and some of the methodological problems in exploring them 
appreciated. We divide our discussion into two sections. We first consider 
the evidence that methyl transferases are activated by the receptor. We then 
analyze the evidence that the relevant substrates are phospholipids. 

GENERAL ASPECTS Methylation reactions control many biochemical path­
ways. Discrete methyltransferases catalyze the transfer of a methyl group to 
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either phospho- or neutral lipids, to proteins, or to DNA, or RNA (t, r ,  and 
m) (141,  142). These modifications are thought to be important in cellular 
functions such as chemotaxis, transport, and gene expression. Despite the 
wide range of substrates, all methyl transfer enzymes use s­
adenosylmethionine (Ado Met) as the methyl donor and all are competi­
tively inhibited by s-adenosylhomocysteine (AdoHcy), the demethylated 
product of Ado Met (Figure 2). It should be noted, however, that Ado Met is 
also a substrate for Ado Met decarboxylase ( 143) and interacts with a 
variety of other proteins (reviewed in 141). 

Since the K) for AdoHcy of various transmethylases vary over a 1000-
fold range (144), the activity of a particular enzyme will depend on the 
relative concentrations of AdoHcy and Ado Met, and on the ratio of its Km 
for AdoMet to its K) for AdoHcy. Certain of these enzymes may thus be 
regulated by the intracellular concentration of AdoHcy via AdoHcy 
hydrolase. 

The latter enzyme is the only one that metabolizes AdoHcy in eukaryotic 
cells. It cleaves AdoHcy into adenosine and homocysteine (Figure 2)-a 
hydrolysis that is readily reversible. In fact, the equilibrium constant 
probably favors synthesis, but under normal conditions adenosine is 
rapidly metabolized by adenosine deaminase and the AdoHcy hydrolase 
reaction is pulled towards hydrolysis. 

Many investigators use pharmacological agents to raise the intracellular 
levels of AdoHcy, in order to establish that a methylation reaction is 
involved in a particular cellular function. Addition of adenosine plus 
homocysteine increases AdoHcy by driving AdoHcy hydrolase in the 
synthetic direction. This effect can be potentiated and prolonged by 

A d o M e t  \(X 

(_ :n..�:�::"-) methy 1 t r a n s f e r a s e  

� d o H c y  X - C H 3  

inh i b i t s  AdoHcy 
hydr o l a s e  

, r  

{p r o t e  i n  
X =  l i p i d  

n u c l e i c  a c i d s  

I , I 
" , 

\ Hc y + A d o 

\'" I',' I , ' .  a d e n  o s  i n e  , ,, �--������� ' , - - - d e a m i n a s e  
i n o s i n e 

Figure 2 Enzymes that control methyl transferase reactions. 
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inhibitors of adenosine deaminase. In addition, there are analogues of 
adenosine and AdoHcy that inhibit AdoHcy hydrolase and cause an 
elevation of AdoHcy. Several adenosine analogues are substrates 
for AdoHcy hydrolase. Administering these compounds, along with homo­
cysteine, or an analogue thereof, results in the buildup of analogues of 
AdoHcy that also inhibit transmethylases (141, 142). 

EFFECTS OF INHIBITORS Inhibitors of methyltransferases block IgE­
mediated secretion by a variety of mast cells as well as by RBL cells (8, 145). 
Evidence that early receptor-mediated events are affected is based on the 
concomitant inhibition of (a) stimulated methylation of phospholipids, (b) 
the early rise in cAMP, (c) the influx of45Ca, and (d) an absence of an effect 
on histamine release stimulated by Ca2 + ionophores (146). Numerous 
studies of the effects of inhibitors of methylation have been reported. For 
example, human lung mast cells were incubated with 3-deaza-adenosine 
and homocysteine (thiolactone (147). These should induce AdoHcy 
hydrolase to synthesize 3-deaza-adenosine-homocysteine, an inhibitor 
of methyltransferases. That action on the latter was responsible for the 
observed inhibition of the cellular activities was strongly supported by 
the counter-inhibitory action of AdoMet (148, 149). Although higher 
doses of the inhibitors were required to diminish histamine release than 
to diminish the rise in cAMP and the influx of 45Ca (Figure 6 in 147), 
this can be easily rationalized. Only a fraction of the receptors must be ag­
gregated to produce maximal secretion (see above), whereas at least some 
of the biochemical perturbations that are stimulated by the receptors are 
directly proportional to the number of aggregates formed (see below). 
Thus, under conditions where most of the receptors are aggregated, it 
is likely that a receptor-mediated early event would have to be sub­
stantially inhibited before a decrease in secretion was evident. Studies 
on RBL cells have similarly shown that inhibitors of methyltransferases 
cause concomitant inhibition of influx of 45Ca and of secretion (1 50). 

Further evidence that the action of the inhibitors ofmethyltransferase is 
specific comes from studies of their effect on desensitization, which we 
discuss more fully below. That the inhibitors can actually prevent 
inactivation of the cells under conditions where secretion by untreated cells 
is inhibited (137) is reassuring. 

If the aggregation of receptors leads to activation of methyltransferases, 
one might be able to observe this indirectly by finding some decrease in 
their substrate, Ado Met. The published data on such experiments are 
contradictory. Moore et al failed to observe any decrease in RBL cells (15 1), 
whereas Ishizaka et al ( 1 52) saw a 12-fold drop in incorporated radioactive 
Ado Met with mast cells. The latter is rather surprising since it implies that 
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upon triggering of the receptors for IgE, the cells metabolized over 90% of 
their pool of AdoMet in � 15 sec! 

METHYLATION OF PHOSPHOLIPIDS Hirata et al first reported that bridging 
the cell-bound IgE on mast cells with concanavalin A promoted meth­
ylation of phospholipids (153). This group investigated the phospholipid 
methyltransferases in several systems. From studies on red blood cells, they 
proposed that methyl transferase I, in the inner leaflet of the membrane, 
monomethylated phosphatidylethanolamine which, upon flipping to the 
outer leaflet, was further methylated by a methyltransferase II located there 
(1 54). Although this pathway is a physiologically minor one for generating 
phosphatidylcholine, they proposed that activation of these enzymes is a 
critical event in the stimulation of cells by several different receptors (140). 

Before reviewing the findings on mast cells and RBL cells, two 
methodological points should be stressed. Virtually all the studies where 
changes in methylation of phospholipids have been claimed involve simply 
the measurement of chloroform extractable counts from cells whose 
Ado Met pool has been labeled by incubation in [methyI3H] methionine. 
Although it has been stated that the phospholipids in the chloroform phase 
showed "a marked" incorporation of radioactive methyl groups ( 152), the 
fraction of the radioactivity in such extracts is not regularly assessed. 
Moore et al recently showed that as little as 30% of such counts may be 
associated with phospholipid, the remainder being in undefined moieties 
( 151). It should also be noted that in experiments with inhibitors, only a 
single time point is routinely reported so that one cannot determine 
whether incorporation of methyl groups into chloroform-soluble moieties 
was reduced or simply slowed. 

Ishizaka and her colleagues regularly observe incorporation in mast cells 
whose receptors for IgE have been aggregated in a variety of ways (8). 
Recently they showed that interrupting the aggregation diminished the 
incorporation (149), but a dose response curve relating the number of 
receptors aggregated to the extent of incorporation has never been 
reported. 

The time course of incorporation is curious. It begins promptly, peaks at 
15  sec after addition of stimulant and returns virtually to baseline in 30 sec 
to 2 min. Since their earlier data showed rapid marked depletion of 
radioactive AdoMet (above), one can rationalize a failure to see a further 
rise in radioactivity, but the decline suggests virtually immediate break­
down of the chloroform-soluble moieties. There is nothing in the current 
models that suggests a mechanism or role for this rapid change. If the 
radioactively labeled Ado Met is rapidly metabolized, this does not of 
course mean that there is a net change in total cellular Ado Met since this 
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might be continuously replenished. If so, then similarly any methylated 
products derived from the newly synthesized Ado Met would be unlabeled. 
Therefore, these experiments are not informative about any net changes in 
phospholipids as a consequence of aggregation of the receptors. In 
analogous experiments on RBL cells, Crews et al presented similar results, 
although the kinetics of incorporation, of45Ca uptake and of secretion were 
all substantially slower (1 50). Using nominally the same line of cells, Moore 
et al ( 15 1) failed to observe stimulated incorporation of methyl groups, 
although IgE-mediated influx of 45Ca 2 + ,  release of arachidonic acid, 
breakdown of PIs (see below), and secretion were substantial. They used , 
conditions that gave optimal incorporation of [methyPH] methionine 
into Ado Met but observed no enhanced incorporation of counts into 
individual phospholipids as assessed by high pressure liquid chromato­
graphy. As already noted, they also failed to see any enhanced metabolism 
of AdoMet. 

The basis for this discrepancy is unclear. Clearly, it is more reliable to 
quantitate changes in the specific phospholipids directly than to rely simply 
on counts extracted in the chloroform phase. It would also be useful to see if 
the differences in the specific methods used were important (cf 1 50, 1 51). 
Finally, it is regrettable that in the study by Moore et aI, the effects of 
inhibitors were not tested since, as we emphasize here, the question of 
whether methyltransferases are involved and if so, which substrates they 
modify, are separate issues. 

Ishizaka tried to define more precisely which of the phospholipid 
methyltransferases were involved (148) by exploiting the finding of Hirata 
& Axelrod that transferase I requires Mg2 + but not Ca2 + (155). Ishizaka 
reported that when mast cells were incubated in the presence of Mg2 + 
and EGT A, methyl groups were incorporated only into phosphatidyl­
ethanolamine as expected. She also observed that receptor-mediated 
incorporation of 32p into phosphatidic acid, phosphatidylcholine, 
and phosphatidylinositol was unabated. It should be noted that this is 
the first report to claim that inhibitors of methyltransferases such as 
3-deaza-adenosine inhibit receptor-mediated breakdown of PIs. 

If an early consequence of aggregating the receptor for IgE is activation 
of phospholipid methyltransferases, it might be expected that this could be 
observed with preparations of plasma membranes. Positive results have 
been reported for membrane preparations from rat mast cells (1 56) but are 
difficult to evaluate. First, the results are reported in dpm, whereas 
comparable experiments on mast cells are reported in pmol, and there is 
insufficient information to convert one unit into the other. Second, the 
incorporation by the intact cells was measured at 15  sec as usual, whereas 
that by the membranes was determined at 60 min. Thus, it remains to be 
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proven that such preparations show a significant amount of activity relative 
to intact cells. 

McGivney et al reported an innovative approach to this subject (157). 
They treated RBL cells with a powerful mutagen and selected clones grown 
from the small number of surviving cells which (a) bound IgE, (b) failed to 
secrete in response to aggregation of cell-bound IgE, (e) did secrete in 
response to ionophore, and (d) were deficient in either phospholipid 
methyl transferase I or II. When a clone missing enzyme I was fused with 
one missing enzyme II, IgE-mediated secretion was partially restored. Their 
strategy is modeled on one used to select specific bacterial mutants. 
However, with bacteria, specific metabolic intermediates can be used to 
growth-select appropriate auxotrophs. This could not be done with the 
mutagenized RBL cells, so the number of genes mutated in the chosen 
variants is indeterminate. Many complementation studies would have to be 
performed to demonstrate that it was loss of the phospholipid methyl 
transferases that was the only relevant variable. 

APPRAISAL After reviewing the published data we conclude that the 
evidence for involvement of methyltransferases-evidence derived princi­
pally from studies with inhibitors-is more solid than the evidence that 
phospholipids are the relevant substrates. That no increase in methylation 
of bulk cellular proteins (and polynucleotides) has been observed (1 50, 1 52) 
could simply reflect inadequate sensitivity or unrecognized degradation. As 
noted above, even the incorporation into chloroform-soluble moieties is 
relatively transient. It is also worth noting that whereas the results with 
inhibitors suggest that methyltransferases are involved in early steps that 
precede the rise in intracellular Ca2 + , the methylation of phospholipids 
could involve much later steps, unless it can be proven that lipids are the 
only substrates on which the stimulated methyltransferases are acting. In 
the end, proof for the role of methyltransferases will have to await 
information about what their activation accomplishes in molecular terms. 
There are no data whatsoever on this matter. 

Activation of Adenylate Cyclase 

PRINCIPAL FINDINGS Aggregation of the receptor on mast cells initiates a 
rapid rise in cAMP (8). The nucleotide increases to a maximum in less than 
30 sec and returns to basal levels in � 2 min. The rise in cAMP begins a little 
later than the stimulated incorporation of methyl groups (see above), and 
despite earlier reports to the contrary ( 1 58), recent studies show that it can 
be blocked by inhibitors of methyl transferases (8). Since the rise in cAMP 
occurs in the absence of extracellular Ca2 + (137) and prior to the stimulated 
uptake of 4SCa2+ (seen in the presence of Ca2+)  (148), it appears to be an 
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early event initiated by aggregation of the receptors. As with other receptor­
mediated events, the apparent stimulation of adenyl ate cyclase is blocked 
by protease inhibitors (8). Indirect evidence for a receptor-mediated 
increase in cellular cAMP has also been obtained by demonstrating 
increased levels of cAMP-activated protein kinases (159, 160). 

Since adenylate cyclase is a plasma membrane protein, one antici­
pates that the receptor-mediated stimulation of this enzyme should also 
be observable on isolated membranes. Although positive results have 
been claimed (1 56), the stimulation appeared to be substantially less than 
that observed on intact cells. For the membranes, the rise in cAMP took 
� 60 min to reach a maximum (cf above), and we calculate that, 
per cell equivalent, the stimulation of the cyclase in the membranes was 
only ""' 2 x 10- 5 of that observed in intact cells! Even if we correct for 
the fact that binding of IgE to the membranes was only 0.3% of that 
expected for intact mast cells, the recovery of activity was only � 0.6%. 

SIGNIFICANCE The significance of the apparent stimulation of adenylate 
cyclase is unknown. That no rise in cAMP is seen in receptor-mediated 
secretion from RBL cells (145) suggests that the rise observed in mast cells 
may be incidental rather than essential. Possibly, it is related to receptor­
mediated inactivation (desensitization) (below), since mast cells are much 
more readily desensitized than RBL cells. Furthermore, when intracellu­
lar cAMP is increased artificially, secretion of mediators is frequently inhi­
bited rather than enhanced, although discrepant results have been reported 
(161). Perhaps the rise in cAMP represents simply a side effect of the inter­
action between the receptor and GTP-binding regulatory proteins-an 
interaction that has been proposed to mediate receptor-initiated acti­
vation of phospholipase C (see below). Studies analogous to those with 
inhibitors of methyl transferases that have strengthened the case for the 
importance of those enzymes (see above) would be useful for evaluating 
the significance of the stimulation of adenyl ate cyclase. 

Breakdown of Phosphatidyl Inositides (PIs) 

The breakdown of PIs in calcium-dependent activation of cellular events by 
membrane receptors is receiving increasing attention (162-164). After 
outlining the elements of this system, we will briefly describe older data on 
m.ast cells and then focus on newer studies on RBL cells. 

METABOLISM OF PIs Phosphatidyl inositol (PI) and its phosporylated 
derivatives phosphatidyl inositol-4-phosphate (PIP) and phosphatidyl 
inositol-4,5-bisphosphate (PIP 2) are ubiquitous components of eukaryotic 
membranes ; in mammalian cells they constitute 5-7% (PI), 1% (PIP), and 
0.4% (PIP 2) of the total phospholipids (164). PI is synthesized from the 
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glycerol backbone in the endoplasmic reticulum, from which it is trans­
ferred to the plasma membrane. Because the PI kinases as well as other 
relevant enzymes appear in the cytoplasm (as well as on membranes), it is 
assumed that the PIs are chiefly localized in the inner leaflet of the plasma 
membrane (165, 166). 

In some instances (167) the receptor-mediated release of the inositide 
moiety can be catalyzed by a phospholipase D (which, therefore, also 
generates phosphatidic acid), but in most systems it is phospholipase C 
(which generates diacyl glycerol and inositol phosphates) whose action is 
enhanced. Soluble cytoplasmic forms of the latter enzyme have been 
isolated from liver and from sheep seminal vesicles (168, 169). The enzymes 
from the latter show greater activity towards PIP and PIP 2, when these 
lipids are presented in vesicles ; and the vesicles hydrolyze them at 
submicromolar concentrations of Ca2 + (170). Whether membrane-bound 
phospholipase C activity (171-173) represents a distinct entity is uncertain. 
It is also unclear whether the role of receptors in initiating breakdown of the 
PIs is to activate a membrane-bound enzyme, to recruit cytoplasmic 
enzyme to the membrane, or simply to mobilize membrane PIs making 
them more susceptible to hydrolysis. 

Despite the ability of variations in Ca2 + concentrations to modulate the 
activity of phospholipase C (170, 1 74, 1 75), current models of receptor 
action postulate that this pathway is activated directly. Receptors are 
thought to stimulate the enzyme-possibly through an intermediary GTP­
binding regulatory protein (below)-releasing inositol phosphates that in 
turn release Ca2 + from intracellular stores (163). 

OLDER REPORTS ON MAST CELLS Early studies reported turnover of PI as a 
consequence of aggregating receptors for IgE on mast cells on the basis of 
an enhanced incorporation of 32p and/or 3H -inositol into PI, phosphatidyl 
choline, and phosphatidic acid (176-178). The dose response curve of 
release of histamine and incorporation of 32p into these lipids correlated 
well. However, when stimulation was performed in the absence of Ca2 +, 
incorporation of 32p and 3H-inositol into PI persisted whereas secretion 
did not occur. These studies have methodological drawbacks that were 
common to a number of early reports in this field : (a) The techniques for 
either extracting or separating the lipids did not permit one to visualize the 
inositol poly phosphates (179) and (b) brief preincubation with the radioac­
tive label e2p or 3H-inositol) and measurements of the lipids after rather 
lengthy stimulation with the agonist prevented direct observation of the 
initial stages in the enhanced breakdown. In mast cells the breakdown of 
the PIs is initiated 5 to 30 sec after activation, and 1 to 2 min later the 
resynthesized lipids return to their baseline values, increasing further after 
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longer incubations (180, 181). Short incubation times are particularly 
important for observing the rapid hydrolysis of the inositol polyphos­
phates, especially when this is assessed by quantitating the lipids rather 
than the water-soluble breakdown products. Thus, an enhanced phos­
phorylation of diacyl glycerol (to phosphatidic acid) is observed in mast 
cells within 8 sec after activation, whereas labeling of PI and phosphatidyl 
choline starts only after t�o min (177). 

STUDIES ON RBL CELLS 

Correlation with aggregation of the receptors Activation of RBL cells by 
aggregating the bound IgE with an appropriate antigen increases the level 
of the inositol phosphates within 10 to 40 sec ( 182). Experiments with 
preformed oligomers of IgE showed an excellent correlation between the 
amount of oligomer bound (and, therefore, of receptors aggregated) and the 
rise in the inositol phosphates (103). Larger oligomers were more effective 
than trimers, and trimers much more than dimers-exactly what was 
observed when secretion and rises in [Ca2 +]j were measured (see below). 
Similarly, the effectiveness of all of the oligomers was enhanced by D20. As 
was true for the rise in intracellular Ca 2 + , doses of oligomers above those 
necessary to achieve maximal secretion further enhanced the breakdown of 
PIs. Thus, the failure to obtain 100% release of mediators cannot be 
ascribed to limitations of the metabolism of PIs. Finally, it is noteworthy 
that-again as was true for the rise in [Ca2 +]j-doses of trimer and larger 
oligomers, necessary to achieve maximal secretion, led to equivalent 
breakdown of the PIs. Interrupting the aggregation of the receptors 
promptly halts several receptor-initiated phenomena including secretion, 
but such protocols have not yet been applied with respect to turnover of 
PIs. 

Characteristics of breakdown products After stimulation, RBL cells ex­
hibit an initial rapid rise in IP2, followed by a smaller increase in IP3• Both 
of the latter reach a plateau value at about 10 to 1 5  min, whereas the rise in 
IP, which begins at about the same time as the rise in IP3, continues 
virtually linearly for over 20 min (Figure 1 in 1 82). Since the poly­
phosphoinositides are present in much smaller amounts than PI (the ratio 
is about 1 :  1 : 20 in RBL cells for PIP 2, PIP, and PI, respectively), it is 
apparent that there is a substantial preferential breakdown of PIP 2 and 
PIP. However, it is not clear whether the IP is generated exclusively from 
the action of phosphatases on IP 3 and IP 2 (as is the case in some systems 
(183)), or whether it also results from direct breakdown ofP!. If the latter is 
not the case, then only continuous synthesis of PIP and PIP 2 can account 
for the amount of IP that is generated. Possibly the inhibition observed 
when the cells are depleted of ATP (184) is due to reduced synthesis of PIP 
and PIP2• 
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In mast cells PIP also decreases, reaching a minimum 5 sec after 
stimulation and thereafter increasing (apparently at the expense of PI) back 
to baseline values at about 30 sec ( 181). In those studies both PIP and PI 
reached levels higher than those prior to stimulation at 1 and 2 min 
respectively. No substantial changes in PIP 2 were noted. 

Dependence on Extracellular Ca2 + The breakdown of PIs initiated by 
aggregating the receptors for 19B on RBL cells is dependent upon adequate 
extracellular Ca 2 + , in apparent contradiction to the situation observed in 
mast cells (see above). It is possible that the results on mast cells were 
amplified by a failure to reach isotopic equilibrium during the short 
incubations employed. The apparent synthesis of PIs may have been 
relatively minor and cannot be assumed to reflect accurately the extent of 
breakdown of the PIs. In RBL cells the variation in breakdown as a 
function of external Ca2 + parallels exactly the variation in the rise of 
intracellular Ca2 + and secretion (182). However, ions such as La3 + and 
Zn2 + that inhibit the rise in [Ca2+]j and secretion [presumably by 
blocking the passage of Ca2 + through receptor-induced channels (see 
below)] do not block receptor-mediated stimulation of breakdown of PI. 
Since under these circumstances the IP3 generated should release Ca2 + 
from internal stores, it is curious that no change in quin-2 fluorescence was 
detected (182). Raising the intracellular Ca 2 + directly with ionophores does 
not in itself substantially stimulate hydrolysis of PIs. 

ROLE OF GTP-BINDING PROTEINS We have already noted that in some 
systems a GTP-binding regulatory protein has been postulated to serve as a 
go-between from the activated receptor to the phospholipase C, in analogy 
to the role such proteins play in receptor-mediated activation of adenylate 
cyclase (185-188). The evidence is based partly on the effect of GTP or its 
nonhydrolyzable analogues and partly on the use of toxins such as pertusis, 
at least one of those actions is on the inhibitory GTP-binding protein Nj. 
Although effects of both types of reagents have been noted on mast cells, 
their site of action is by no means certain ( 189-191). 

Pertussis toxin has been reported to inhibit passive cutaneous anaphy­
laxis in the rat and to inhibit partially 19B-mediated release of histamine 
from peritoneal rat mast cells in vitro (192). We have seen no effect of the 
toxin on IgE-mediated turnover of PIs or on secretion from RBL cells, even 
though AD P-ribosylation of a 41 kd protein was documented (unpublished 
observations in collaboration with J. Moss). The effect of the toxin on 
breakdown of PIs mediated by the receptor for IgE has not been reported for 
mast cells. The GTP analogue, Gpp(NH)p, introduced into transiently 
permeabilized mast cells, causes secretion in the presence of Ca 2 + , and this 
reaction is inhibited by neomycin (thought to act on PIs) (179). However, 
these findings are insufficient to prove the involvement of a GTP-binding 
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regulatory protein in the breakdown of PIs induced by the receptor for IgE. 
We have explored the possibility that the receptor itself might be a 

member of the family of the GTP-binding regulatory proteins, since there 
are some obvious similarities between the subunit structure of the receptor 
and these proteins (185). Comparative peptide-mapping data and our 
initial analyses of the amino acid composition of the f3 subunit suggest no 
such relationship. Nor have we seen consistently positive results on Western 
blots using antibodies (193) that react with the f3 chain common to all GTP­
binding proteins (J.-P. Kinet, H. Metzger, unpublished observations). 

SUMMARY AND FUTURE DIRECTIONS The special feature of the receptor­
induced breakdown of PI in RBL cells (but less clearly on mast cells) 
is its dependence on extracellular Ca2 + -a dependence not observed in 
several other systems. Since the evidence is against the stimulation of 
breakdown being initiated (or even requiring) a rise in intracellular Ca2 + 
(see below), the high concentration of extracellular Ca2 + that is required 
[Km '" 0.4 mM (192)] must be for an earlier step. The receptor-induced 
formation of ion channels occurs even in the absence ofCa2 +,  but the speci­
ficity of such channels for Ca2 + requires concentrations of extracellular 
Ca2 + similar to those required to initiate breakdown of Pis (see below). 
If these observations are related, then either these latter phenomena 
share a common Ca2 + -dependent antecedent step or one of them pre­
cedes the other. If the breakdown of Pis is a necessary antecedent for the 
initiation of channels specific for Ca2+,  this would provide a ready explana­
tion for the existence of the PI pathway in this system. 

It should be emphasized that there is still no evidence that hydrolysis of 
Pis plays a significant role in the cellular functions stimulated by the 
receptor for IgE. The lack of specific inhibitors of this system forecloses one 
obvious approach to this question. One substance that does inhibit 
receptor-induced breakdown of Pis and the rise in cytosolic Ca2 + 
completely (but inhibits secretion only partially) is phorbol myristic acetate 
(194 ;  M. Beaven, personal communication). This is interesting because this 
substance stimulates protein kinase C, an enzyme that is also activated by a 
metabolite of PI (and other phospholipids) : diacylglyceride. Whether the 
receptor-mediated breakdown of PI secondarily stimulates protein kinase 
C, and how this may relate to other receptor-mediated secretory events, are 
under investigation. 

It will ultimately be important to reconstitute the receptor-mediated 
hydrolysis of PIs using purified components. As a step in that direction, the 
demonstration of receptor-mediated breakdown on isolated plasma mem­
branes is important. Although a variety of preparations of such membranes 
from RBL cells contain phospholipase C activity, we have not observed 
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stimulation of the enzyme when the receptors are aggregated, even after 
readdition of cytoplasmic components. Indeed, cells simply permeabilized 
(with saponin), as gently as possible, lose their responsiveness even though 
the cytoplasmic contents have not been aspirated from the sample. In 
experiments on cytoplasmic phospholipase C, the hydrolysis of the PIs is 
markedly affected by the other phospholipids present in the mixture and by 
deoxycholate (174, 175). Similarly we and others (195) have found that 
hydrolysis of PIs in intact cells is exquisitely sensitive to low concentrations 
of organic solvents. It appears that the topological relationships between 
the proteins and lipids are critical in these reactions. 

Increase in Intracellular Ca2 + 

OLDER STUDIES (196) Since the observations of Mongar & Schild (197), it has 
been repeatedly shown that mM concentrations of extracellular calcium are 
required for optimal receptor-mediated secretion. Because maneuvers that 
directly raise the intracellular Ca2 + induce secretion (198-202), it is 
reasonable to postulate that the receptors for IgE initiate a transfer of 
calcium ions from outside the cell to the inside. Aggregation of receptors 
induces an enhanced uptake of 45C2 + (1 50, 203), which supports this 
proposal. Although this apparently enhanced uptake could be due to a 
stimulated decrease in efflux, direct assessment of this with RBL cells 
showed that efflux actually was stimulated, not diminished (204). The 
enhanced uptake of 45Ca2 + could also result simply from an enhanced 
exchange across the membrane without a net increase in cytoplasmic Ca 2 + ,  
and this possibility cannot be excluded by such studies. Recent investiga­
tions have more directly demonstrated a net rise in intracellular Ca2 + and 
provided evidence that this occurs owing to the receptor-induced opening 
of ion channels in the plasma membrane. 

MEASUREMENTS OF [Ca2 +]; The development of the fluorescent tetracar­
boxy late probe quin-2 by Tsien (205) has permitted rather simple quantita­
tion of intracellular Ca 2 + , and a detailed examination using this approach 
with RBL cells has been performed by a group in Cambridge, United 
Kingdom (151 ,  182, 206). Measurements on unstimulated cells showed 
the intracellular concentration of Ca2 + to be 104 ± 5  nM, and over brief 
periods this was essentially independent of extracellular Ca2 + in the 
range 0.05 to 1 .0 mM. At very low concentrations of extracellular Ca2 + 
( < 5 J.lM) obtained by EDTA, the [Ca2 +]i  progressively decreased, the rate 
of efflux being '" 60 amol ions/cell/min ; adding back Ca2 + to the medium 
caused a corresponding rate of uptake. This dynamic balance of 
> 3.6 x 107 ions/cell/min, which maintains an intracellular concentration 
of '" 100 nM, was resistant to marked decreases in intracellular ATP. 
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Upon aggregation of the cell-bound IgE with antigen (ovalbumin), or 
with concanavalin A, a prompt increase in [Ca2 +]; was observed at rates 
greater than 1 fmol/cell/min under maximal stimulation. This is greater by a 
factor of two than the rate that can be calculated from the 45Ca 
measurements of Crews et al on RBL cells ( 150). Intracellular concen­
trations up to 12-fold higher than the resting concentrations were observed 
by Beaven et al (206). The essential features of receptor-mediated increases 
in [Caz +]j  were these : (a) The increase was only observed at [Caz +]o > 

50 ,uM. Whereas the normal influx pathway appeared to saturate at 
[CaZ +]0 > 0.1 mM, the pathway stimulated by the receptors was saturated 
only at to-fold higher concentrations, with an estimated Km ,.., 0.4 mM. In 
studies on rat mast cells, White et al (207) observed an increase in [Ca2 +]j 
upon aggregation of receptors even in the presence of EGT A. However, in 
those studies the cells were exposed to 100 ,uM quin-2 (cf 206), a 
concentration at which there is evidence of cell cytotoxicity ( 1 51). This 
seriously complicates the interpretability of that study. (b) The rise in 
[CaZ +]; was directly related to [CaZ +]0 (206). (e) After an initial rapid rise, 
the [Ca2 +];  showed only a slow decrease as long as the cross-linking of the 
receptors was maintained. When aggregation of the receptors was dis­
rupted, there was a rapid decrease similar to the decrease observed by 
addition of lanthanide ions or EDTA. (d) The enhanced transport ofCaz + 
into the cell required cellular A TP levels well above those required for the 
transport of Ca2 + into unstimulated cells (see above). 

These studies were recently extended in experiments employing covalent 
oligomers of IgE (to3). Such oligomers allow one to vary both the total 
number of receptors aggregated and the multiplicity of the individual 
aggregates that form more rigorously than can be accomplished either with 
antigen or with anti-IgE antibodies. The new studies by Maeyama et al 
(103) document the relationship between the aggregation of receptors and 
rises in [Ca2 +]j. They also show that the enhanced effectiveness of larger 
oligomers as inducers of secretion is mirrored by the enhanced increases in 
the intracellular Ca that they induce. At the higher doses of the larger 
oligomers, more receptors become aggregated than appear to be necessary 
to generate the maximal amount of secretion. It is noteworthy that in the 
studies of Maeyama et al the maximal [Ca2 +];  continues to increase until 
doses of IgE are reached that saturate the receptors. This differs from the 
release of histamine but is similar to the hydrolysis of PIs (see above). These 
findings suggest that the maximal amount of secretion is not limited as a 
consequence of the mechanism that generates the rise in cellular Ca2 + .  
Similar to  all other receptor-mediated events that have been examined so 
far, D

2
0 substantially enhanced the uptake of Caz + (to3). 

The relatively low extinction coefficient ( < 5000) and quantum yield (0.03 
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to 0.14) of quin2 require that loadings of several tenths of millimolar or 
more (internal concentration) are necessary to overcome cellular auto­
fluorescence. Such concentrations may perturb cells [e.g. mast cells (207)], 
buffer transient changes in [Ca2 +];, and may have other undesirable side 
effects (208). A new generation of indicators (208) have 30-fold brighter 
fluorescence, exhibit a shift in wavelength (not just an increase in intensity) 
when they bind Ca 2 +, and have an increased selectivity for Ca 2 + .  Their 
development should substantially improve the usefulness of this approach. 

DEPOLARIZATION OF PLASMA MEMBRANE POTENTIAL Evidence for a 
receptor-mediated opening of a channel for Ca2 + through the plasma 
membrane has been sought, using the tetraphenylphosphonium cation as a 
probe. Equilibration of this ion between the medium and the interior of 
cells is thought to reflect a combination of the potential difference (At/!) 
across the plasma and mitochondrial membranes (209, 210). The forma­
tion of channels through the plasma membrane that allows the entrance 
of positive ions diminishes At/!, and phosphonium ions are released into 
the medium to an extent governed by the Nernst equation : At/! = 

- (RT/F) ln [(probein)/(probeouJJ. Here R is the gas constant, T, the 
absolute temperature, and F is Faraday's constant. Experimentally, the 
change in potential can be indirectly assessed by measuring the decrease in 
cell-associated tritiated phosphonium ions. 

Two groups used this approach on RBL cells stimulated with either anti­
IgE (21 1-21 3) or an appropriate multivalent hapten-conjugate (21 1). Both 
groups observed slow ( ,.." 30 min) equilibration of the probe, which makes 
kinetic experiments (212) difficult to interpret. Upon aggregation of the 
receptor-bound IgE, partial release of the phosphonium ions was observed. 
Addition of hapten, which did not affect release induced by anti-IgE, led to 
prompt reuptake of the ions (21 1). 

The results of these studies differed in two important respects. In order to 
assess the role ofthe plasma membrane in the receptor-induced effects, both 
groups sought to eliminate the influence of the mitochondria. Sagi­
Eisenberg & Pecht (21 3) used the protonophore carbonyl-cyanide-p­
trifluomethoxy phenyl hydrazone ; they observed a 50% drop in the 
potential of unstimulated cells and little change after aggregation of the 
receptors. They, therefore, concluded that the changes observed on 
unpoisoned cells did not reflect changes in the plasma membrane, but rather 
reflected uptake of Ca2 + by the mitochondria, secondary to an increase of 
that ion in the cytoplasm. Kanner & Metzger (21 1) blocked the mitochon­
drial respiratory chain with rotenone and the proton-dislocating adenosine 
triphosphatase with oligomycin. They observed an ,.." 20% drop in the 
baseline potential. Notably, the relative decrease initiated by aggregation 
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of the receptors was still observed. High concentrations ( 100 mM) of 
the probe-which preferentially collapse the mitochondrial potential 
difference-gave similar results. They, therefore, concluded that the 
receptor-induced changes were principally the result of a change in the 
plasma membrane potential. 

A further difference was in the influence of external Ca2 + .  Eisenberg & 
Pecht observed a parallel decrease in receptor-mediated depolarization and 
secretion (212), whereas Kanner & Metzger observed comparable receptor­
induced depolarization in the presence or absence of mM Ca2 +,  even 
though in the latter medium, secretion was totally blocked (21 1). 

The independence of depolarization from the concentration of external 
Ca2 + led the latter workers to suggest that the putative plasma membrane 
channel could pass Na + at low concentrations of Ca2 +. This was 
experimentally verified by studying the uptake of 22Na + (2 14). The authors 
concluded that the plasma membrane channels are induced by aggregation 
of the receptors, regardless of the concentration of external Ca2 +, but 
become specific for Ca2 + only at mM concentrations of the latter (214). 
Their conclusions are consistent with the "direct" measurements of 
cytoplasmic Ca 2 + using a fluorescent probe (206), as well as with the 
characteristics of the putative channel protein (see below). The latter 
approaches can yield more easily interpretable data. It seems, therefore, 
more productive to focus future efforts on these more direct measurements, 
rather than to try to unravel the cause of the contradictory findings from 
studies on the membrane potential. 

MOLECULAR BASIS OF CHANNEL ACTIVITY In a series of provocative papers 
(215-220) Mazurek, Pecht, and their collaborators characterize a plasma 
membrane protein from RBL cells that they propose is the Ca 2 + -channel­
forming protein whose activity is initiated by aggregation of the receptors 
for IgE. The basis of their work is the drug cromolyn-a drug known to 
inhibit IgE-mediated secretion from mast cells. One of the mechanisms that 
has been proposed for the action of this drug is that it interferes with 
the receptor-mediated gating of Ca 2 + through the plasma membrane. The 
correctness of this proposal forms the conceptual basis for interpreting the 
results of Mazurek et al. It should be noted, however, that the mechanism(s) 
of action of cromolyn is by no means certain. Cromolyn can have a variety 
of actions and, indeed, after a thorough review of the subject (196), Pearce 
concluded that "the calcium gating mechanism must now be rejected and 
alternative explanations for . . .  [its] . . .  action should be sought." 

The principal findings of Mazurek et al are as follows : (a) Rat peritoneal 
mast cells and RBL cells bind beads conjugated with cromolyn, in a Ca2 + ­
dependent manner (215). (b) A surface membrane protein (Mr 60,000 in 
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unreduced gels) can be isolated from detergent lysates ofRBL cells using the 
ligand-binding properties of the protein and either immunoprecipitation or 
affinity chromatography (216). Substantial amounts of the protein can be 
isolated. If we assume an overall yield of '" 30%, their data (219) suggest '" 6 

x 105 copies/cell, i.e. an amount at least equal to the number of receptors 
on these cells (e) Using a cell sorter, variants of RBL cells can be isolated 
that are deficient in binding cromolyn and in IgE-mediated influx of Ca 2 + 

and secretion (21 7). These variants appear to have a normal capacity to 
bind IgE and to respond normally to ionophore. (d) If such variants are 
fused with envelopes of Sendai virus implanted with isolated cromolyn­
binding protein, virtually full IgE-mediated influx of Ca 2 + and secretion 
are restored. These activities can be blocked by ascitic fluid said to contain 
monoclonal antibodies to the cromolyn-binding protein (218). From the 
sigmoidal-dose-response data the authors calculate that two molecules of 
the protein are required to generate a unit response (218). (e) If isolated 
cromolyn-binding protein is reconstituted into planar bilayers and reacted 
with a monoclonal antibody said to initiate degranulation of RBL cells, 
conductances can be measured in the presence of Ca 2 + and Na + (219). The 
conductances are similar to those observed when receptor-bound IgE in 
planar bilayers prepared from the plasma membranes of RBL cells is 
aggregated. In either case, cromolyn blocks the conductances. The flux of 
either Na + (at low concentrations ofCa 2 +) or Ca 2 + (at mM concentrations 
of Ca2 +) is consistent with the observations of Kanner & Metzger referred 
to above (214). The findings of Mazurek et al are obviously of considerable 
interest ; they report the first direct evidence for a cellular component that 
may interact with the receptor and that performs one of the critical 
receptor-mediated events. 

There are, however, several aspects of the published work that require 
clarification : (a) Most, though apparently not all, workers have failed to 
observe any reproducible inhibition of degranulation by RBL cells with 
cromolyn, and indeed, Mazurek et al have published only minimal data in 
this regard. (b) The published method for preparing the conjugates of 
cromolyn-an essential procedure without which none of their studies can 
be reproduced-does not work in our laboratory or apparently in the 
hands of others. An analysis of the derivative of cromolyn from which 
the conjugates were made has not been given. (e) The evidence that the 
cromolyn-binding protein used in the various experiments is pure is, as 
yet, inadequate. Indeed, close inspection of their gels shows a disturbing 
similarity between their principal component and serum albumin, and they 
themselves appear to be uncertain about the significance of a variably 
copurifying 24 kd protein (216, 219). It is possible that this, rather than the 
larger component, contains the activity they are measuring. (d) The 
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characteristics of the monoclonal antibodies that are essential reagents in 
their recent studies have not been published. For example, there has been 
no description of the cellular proteins with which these antibodies react. 

The work of Mazurek et al raises the question of the role of ATP in the 
opening of the calcium channel (see above), since reconstitution of active 
channels with purified preparations of receptors and cromolyn-binding 
protein has been reported by these workers (220). Similarly, it is at present 
difficult to integrate their findings with those ofIshizaka and her coworkers 
on the essential role of a serine protease, methyltransferases, and activation 
of adenylate cyclase in receptor-mediated influx of Ca2 + (see above). 

Protein kinase activity Phosphorylation and dephosphorylation of pro­
teins are widely used mechanisms by which cells regulate their functions, 
and several instances in which these mechanisms may control the function 
of plasma membrane receptors are currently under intensive investigation 
(221-223). In some of these, the membrane protein is itself a kinase, as well 
as one of the substrates for that activity (221, 222). Because no biochemical 
function can yet be assigned to the receptor for IgE, the possible role of 
phosphorylation in regulating its function can only be explored indirectly. 
Here we consider three questions : (a) Can one or more of the subunits of the 
receptor serve as a substrate for protein kinases? (b) If so, are there changes 
in the extent (or type) of phosphorylation upon aggregating the receptors, 
and is this a primary or secondary event? (c) Is the receptor itself a kinase? 

THE RECEPTOR AS A SUBSTRATE FOR KINASES Hempstead et al (43, 44) 
observed incorporation of 32pj into phosphothreonine and phosphoserine 
on the Q( chain of receptors for IgE on rat mast cells. This finding on the 
intact mast cells is intriguing because it implies that the Q( chain may be a 
transmembrane protein (cf Figure 1). So far, the evidence that Q( does not 
penetrate the membrane has been based exclusively on negative results 
(above) which by their nature are much less convincing. Intact RBL cells 
incorporate 32p into phosphoserine in the p chains and into undetermined 
sites in the ')' chains, but not into the Q( chains (41 ,  42). Using membranes 
from RBL cells incubated with 32p_ATP, we have observed labeled 
phosphoserine and phosphothreonine in rx chains, and phosphoserine and 
phosphotyrosine in the p and y chains (R. Quarto, H. Metzger, unpublished 
observations). Teshima et al (224) reported incorporation of counts into 
phosphoserine in a 36 kd protein that coprecipitated with the receptor for 
IgE when membranes of RBL cells were incubated with 32p_ATP. This 
kinase activity had the properties of protein kinase C (224, 225). There are 
insufficient data in that report to determine whether the 36 kd component 
represents the p chain of the receptor. Finally, we have observed Mn2 + -
dependent kinase activity in preparations of solubilized receptors that 
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actively incorporate counts into phosphotyrosine on both the f3 and y 
chains (but not into the IX chain or IgE) of solubilized IgE-IXf3Y2 complexes 
(below). Thus, each of the subunits of the receptor for IgE can serve as a 
substrate for one or more protein kinases. 

CHANGES IN AGGREGATED RECEPTORS 

Mast cells Hempstead et al reported enhanced phosphorylation of the IX 
chains of the receptor for IgE on mast cells when the latter were reacted with 
antigen (44). No changes were observed in the regions of the gel where the f3 
and y chains would have been located. 

There are several aspects of this study that make interpretation difficult : 
(a) The purification procedure used in their study (44, 52) would reduce the 
yields of just those receptors in which one is most interested, i.e. those that 
had bound IgE on the intact cells and that had been aggregated with 
antigen. We are not convinced by the evidence that such losses were 
minimal (44). Furthermore, the purification procedure employed leads to 
virtually complete loss of the f3 and y chains in our hands (30). (b) No 
estimate of the extent of modification was possible so that the fraction of the 
receptors that were modified is unknown. (c) The changes were similar to 
those observed when the cells were triggered with the ionophore A23 187 
(43). Since it is unlikely that this drug has any direct effect on the receptors, it 
suggests that the changes observed in the IX chains in both studies (43, 44) 
may have been secondary ones, e.g. induced by the rise in intracellular Ca 2 + 

(226). That RBL cells show no change in the phosphorylation of IX chains 
upon triggering (see below) even though their receptor-mediated secretion 
in many ways resembles that of normal mast cells, also suggests that the 
modification of IX is not a critical event for activation. 

RBL cells Changes in the phosphorylation of the f3 and y chains of the 
receptors from stimulated RBL cells were described by Perez-Montfort et al 
(42). They used cells that had biosynthetically incorporated 3H-Ieucine so 
that the yields of triggered and untriggered receptors could be assessed 
(they were equivalent) and the change in phosphorylation per unit peptide 
could be determined. The principal findings were : (a) Receptors from 
antigen-triggered cells showed an average increase in phosphorylation in f3 
of about 45%, whereas the y chains showed an average decrease of about 
35%. In these experiments, the changes in the unaggregated and aggregated 
receptors from the antigen-treated cells were equivalent. (b) The fraction of 
the receptors that incorporated 32p was small-less than 10% and perhaps 
much less. This could be assessed because the phosphorylated chains had a 
slightly reduced mobility on polyacrylamide gels. Neither that study nor a 
previous one (41) showed evidence of phosphorylation of IX chains. 

Thus, neither the results of Hempstead et al nor ours provide evidence 
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that phosphorylation or dephosphorylation of the receptor is a primary 
event in the early steps initiated by aggregation of the receptors. 

INTRINSIC KINASE ACTIVITY OF THE RECEPTOR We recently observed that 
when receptors that had been purified by the technique we regularly employ 
(see above) were incubated with 32p_ATP, substantial kinase activity was 
present (R. Quarto, H. Metzger, unpublished observations). This activity 
has the properties of a tyrosine kinase and substantial incorporation of 
phosphorous into tyrosine is observed on both the f3 and y chains. When 
casein is present also, it too is modified but, on a molar basis, much less 
efficiently than the f3 and y chains. If prior to elution of the receptors from 
the affinity column the latter is briefly "stripped" with micellar detergent 
(using the same protocol we employ to make the 0: chain of the receptor 
susceptible to iodination-see above), activity is found in the detergent 
wash. These findings suggest that the observed activity may not be due to 
the receptor itself. To what extent it is specifically associated with the 
receptor is currently being examined. 

Receptor-Induced Inactivation 

PRINCIPAL OBSERVATIONS When receptors on mast cells or basophils are 
aggregated under non permissive conditions, such as in the absence of 
extracellular Ca 2 +, the cells not only fail to secrete but may become 
inactivated. That is, restoring permissive conditions-in this case adding 
back Ca2 + -does not lead to degranulation. This inactivation is referred to 
as desensitization. In some cases the inactivation is specific. For example, 
using the protocol just cited, if relatively few receptors were initially 
aggregated in the absence of Ca2 + ,  only these will be incapable of initi­
ating release, whereas others subsequently aggregated after the restora­
tion of mM Ca 2 + can induce release from the same cells (227, 228). If larger 
numbers of receptors are aggregated under the nonpermissive conditions, 
desensitization becomes nonspecific, and it is then no longer possible to 
initiate any receptor-mediated secretion (227, 228). Studies on RBL cells 
have given somewhat different results. In this case desensitization only 
becomes prominent if minimal aggregation of receptors is employed (204, 
229), although here too it is likely that the inactivation only involved those 
receptors aggregated in the absence of Ca2 +. The process of inactivation 
has the following properties : (a) It is initiated by aggregation of the 
receptors, and as with the activation process, dimers ofIgE are sufficient but 
larger oligomers are more effective (96). (b) It appears to involve steps prior 
to the rise in intracellular Ca2 +. Thus, the ryceptor-mediated increase in 
cellular uptake of 45Ca 2 + is ablated in desensitized cells (230), but if the 
intracellular Ca2 + is raised directly with ionophores, normal secretion is 
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observed (23 1). (c) The process is an active one and shows interesting 
parallels to the process that initiates secretion. Thus, inactivation is not 
observed if the desensitization is conducted at low temperature (232). 
Furthermore, Kazimierczak et al (138) observed that within a narrow range 
of doses, DFP when added during aggregation of receptors under 
nonpermissive conditions could interfere with desensitization as assessed 
by following secretion from human basophils. Ishizaka et al (1 37) reported 
analogous studies on mouse mast cells and showed that the inhibition of 
desensitization was observable by examining uptake of 4SCa2 + as well as 
secretion. The desensitization was not only blocked by very low doses of 
DFP but also by inhibitors of methyltransferases (1 37). (d) The process of 
desensitization appears to be a normal accompaniment of the activation 
process. For example, it occurs even under permissive conditions if the 
aggregating stimulus is minimal (233 and references therein). Furthermore, 
in the study by Kazimierczak et al noted above, DFP actually enhanced 
secretion under permissive conditions if added at appropriate doses ( 1 38). 

MECHANISM The mechanism by which aggregation of receptors initiates 
desensitization is uncertain. One particularly simple explanation does not 
seem adequate. Thus, it might be supposed that during the desensitization 
phase of the experimental protocols described above, the receptors were 
shed, degraded, or internalized (234) and were, therefore, not available to be 
aggregated upon subsequent exposure to the appropriate cross-linking 
reagents. The observation of MacGlashan et al (235) that no internalization 
occurred with human basophils in the absence of Ca 2 + could not be 
substantiated at least with RBL cells (109, 133). However, all studies on this 
aspect suggest that more than enough IgE-receptor complexes remain on 
the surface of the desensitized cells to stimulate release. 

Thus, the data support the proposal that secretion results from a 
(positive) balance between activation and inactivation (1 37, 1 38, 236). They 
further suggest that the inactivation occurs as an early event involving 
reactions similar to those that initiate secretion. 

CONCLUDING REMARKS 

In our introductory comments, we noted that the receptor for IgE is one of a 
class of proteins whose interaction with the Fc domains of immunoglo­
bulins transforms the reaction of antibody with antigen into a physiologi­
cally important event. In common with other such systems the initiating 
signal is dependent upon aggregation of the antibody (237, 238). 

The proximal component that "senses" the aggregation of the IgE 
antibody-the receptor-is understood only in broad outline. It is clear 
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that the IY. chain binds the IgE, but we know nothing yet about what the p 
and y subunits do. Information about the more distal components is based 
largely on phenomenological data. The molecular nature of these com­
ponents and how they interact with the receptor and with each other must 
now be defined. The literature is replete with elaborate flow diagrams­
sometimes several in a single paper-that illustrate putative events taking 
place in the plasma membrane. What is missing is even a single report of a 
preparation of membranes that demonstrates a meaningful level of any 
activity initiated by aggregation of the receptor. We are convinced that the 
goal of developing such preparations deserves highest priority by those 
wishing to understand the early events mediated by the receptor for IgE. 
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