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When multivalent ligands attach to IgEs bound to the receptors
with high affinity for IgE on mast cells, the receptors aggregate,
tyrosines on the receptors become phosphorylated, and a variety
of cellular responses are stimulated. Prior studies, confirmed here,
demonstrated that the efficiency with which later events are
generated from earlier ones is inversely related to the dissociation
rate of the aggregating ligand. This finding suggests that the
cellular responses are constrained by a “kinetic proofreading”
regimen. We have now observed an apparent exception to this
rule. Doses of the rapidly or slowly dissociating ligands that
generated equivalent levels of tyrosine-phosphorylated receptors
comparably stimulated a putatively distal event: transcription of
the gene for monocyte chemoattractant protein 1. Possible expla-
nations of this apparent anomaly were explored.

hen aggregated, the receptors with high affinity for IgE

(FceRI), like other members of the family of multichain
immune recognition receptors (1), initiate cellular responses by
promoting the phosphorylation of tyrosines in their own immu-
noreceptor tyrosine-based activation motifs (2). These esterifi-
cations are mediated by Lyn kinase (3). We and our collabora-
tors, and others, are attempting to define the factors that are
quantitatively most important in regulating these initiating
events (4-8).

In the 2H3 line of the rat basophilic leukemia tumor (9)—the
cells in which the FceR1 have been studied most intensively—the
amount of kinase available to the receptors appears to be
limiting (5, 6). While exploring the consequences of this con-
straint, we also examined whether some of the cellular signaling
pathways stimulated by FceRI are subject to a kinetic proof-
reading regimen. In such a regime, the lifetime of the ligand-
receptor complexes as well as their concentration determine the
intensity of downstream signals (10, 11). This proved to be the
case with three homologous ligands we examined (12). Cells
incubated with IgE directed toward the 2,4-dinitrophenyl (DNP)
ligand were stimulated with a protein conjugated alternatively
with multiple DNP, 2,4-dinitro-6-carboxyphenyl, or 2-nitrophe-
nyl (NP) groups. These haptenic constituents have relative
intrinsic affinities of 1:0.037:0.0006 for the IgE (12), and their
complexes are expected to have progressively shorter lifetimes
(13).% At doses stimulating comparable phosphorylation of the
FceRI, the more weakly binding derivatives were deficient in
stimulating distal responses. Moreover, the synergy between the
competition for limited kinase and the kinetic proofreading
control of the signaling caused the low-affinity ligands to act as
noncompetitive antagonists (12). Those studies were performed
largely on cell suspensions. Because adherent cells are more
responsive and maintain the level of certain activated compo-
nents longer (14), we tested whether this difference in the
experimental protocol would influence the kinetic proofreading.
As reported here, quantitative differences were observed, but
the principal finding related to a response we had not previously
examined: transcription of the gene for the monocyte chemoat-
tractant protein 1 (MCP-1) (15-17). At appropriate doses, the
low-affinity ligand unexpectedly stimulated this late response
about as well as the high-affinity ligand.

www.pnas.org/cgi/doi/10.1073/pnas.121171998

Materials and Methods

Antibodies and Reagents. The anti-DNP monoclonal mouse IgE
(18) and anti-B subunit of FceRI have been described (19, 20).
Goat anti-mouse IgE was from ICN, horseradish peroxidase-
conjugated 4G10, a mouse monoclonal anti-phosphotyrosine
(PY) was from Upstate Biotechnology (Lake Placid, NY), and
rabbit polyclonal anti-Syk was a gift from Uli Blank, Institut
Pasteur, Paris. The antigens were from a single batch of Fab
fragments of bovine IgG conjugated alternatively with DNP- or
NP-eNH,-caproate to ~3 mol hapten/mol protein (21). For
some experiments either the IgE or the antigens were iodinated
with carrier-free 12°1 by using iodogen tubes (Pierce).

Cells. Rat basophilic leukemia-2H3 cells were maintained as
described (9). They were detached with trypsin before seeding in
the desired plates and then grown to confluence.

Stimulation. Adherent cells were incubated with IgE (at 0.3 to 0.5
png/ml) overnight, and then washed with prewarmed buffer
before addition of antigen at 37°C. Except where stated other-
wise, there were 1.5 to 2 X 10° adherent cells in a well containing
1 ml medium. Binding studies with '?°I-labeled IgE revealed
~3 X 10° FceR1I/cell (data not shown) so that there was the
equivalent of 0.75 to 1 X 107 M receptors and bound IgE.
Therefore, at 50 ng/ml antigen (molecular weight 50,000) we
added roughly one molecule of antigen/receptor-bound IgE. In
a few experiments, we measured the binding of (iodinated)
antigen directly by adding it for a specified time, washing the cells
twice, and counting the radioactivity in a detergent lysate of the
cells. There was negligible loss of the bound DNP-modified
antigen in the washing, but the NP-modified antigen dissociated
completely and its binding could not be measured.

Abbreviations: FceRI, high-affinity receptor for IgE; MCP-1, monocyte chemoattractant
protein 1; DNP, 2,4-dinitrophenyl; NP, 2-nitrophenyl; PY, phosphotyrosine.

See commentary on page 6989.

*Present address: The Wistar Institute, Room 489, 3601 Spruce Street, Philadelphia, PA
19104.

tPresent address: LI-COR, Inc., 4308 Progressive Avenue, P.O. Box 4000, Lincoln, NE 68504.
*To whom reprint requests should be addressed. E-mail: metzgerh@exchange.nih.gov.

SIn most anti-hapten systems the forward rate constants, k-1, are more or less similar and
the intrinsic affinity is largely governed by the reverse rate constant, k-1 (13). We
confirmed this for the DNP and NP antigens used here by measuring the binding of the
iodinated derivatives. We obtained a k41 of =5 X 10> M~ '-sec~! for the binding of the DNP
antigen to adherent cells such as used here (Results). That calculation was based on solving
the equation for the rate at which equilibrium is achieved for a reversible reaction
between reactants having an affinity (Ka) of =100 M~'. The latter value was estimated
from separate experiments in which the binding of the DNP-modified antigen to cells in
suspension was examined (data not shown). We were unable to determine k1 for the NP
antigen because of the high concentration of this antigen required to observe appreciable
binding and the rapid rate of dissociation during washing of adherent cells. However, it
is notable that the stimulation of the initial phosphorylation of FceRI induced by the
NP-conjugated antigen occurs with similar kinetics as with the high affinity derivative (Fig.
1 Lower). Using cell suspensions, we estimated an avidity of ~5 X 106 M~ for the NP
antigen.
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§1734 solely to indicate this fact.
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Lysates, Immunoprecipitation, and Western Blotting. Except for
those experiments in which RNA was extracted, cells were lysed
with a Triton X-100-containing 3X solubilization buffer (6).
Aliquots of lysate were immunoprecipitated with anti-mouse IgE
or anti-Syk antibody. Fifty microliters of a 50% suspension of
Protein-A-Sepharose (Amersham Pharmacia) was added at the
same time, and the mixture was incubated at 4°C for 2 h. After
centrifugation the bound proteins were released from the
washed immunoprecipitates with hot Na dodecyl sulfate sample
buffer, the eluted proteins were separated by electrophoresis,
and the proteins were transferred and then detected by Western
blotting using enhanced chemiluminescence (6). Autophoto-
graphs of Western blots were quantitated by computerized
densitometry (Molecular Dynamics).

Degranulation. Rat basophilic leukemia-2H3 cells were plated
into a 24-well cluster dish at 2 X 10° cells/0.4 ml/well and
incubated with IgE overnight. After washing twice some of the
cells were stimulated with antigen. At successive times, 20 ul of
supernatant was analyzed for released hexosaminidase and
compared with total cellular enzyme by an enzyme-linked
immunoabsorbent assay (22).

Isolation of RNA. The supernatants from stimulated and control
cells were aspirated, and the cells were directly lysed by addition
of 0.5 ml/well of Trizol reagent (GIBCO/BRL). Total RNA was
extracted according to the manufacturer’s instruction.

c-fos mRNA. mRNA was purified with a MessageMaker kit
(GIBCO/BRL) and quantitated by UV spectroscopy. Approx-
imately 0.5 ug from each sample was electrophoresed on a 1%
agarose formaldehyde gel and transferred onto Nytran mem-
branes (Schleicher & Schuell). The probe DNA was prepared by
amplification of specific rat c-fos DNA fragment with PCR
(sense primer: 5'-TTCTCGGGTTTCAACGCGGACTA-3";
antisense primer: 5'-CCAGTCTGCTGCATAGAAGGAAC-
3') and labeled by LofStrand Lab (Rockville, MD) with [a-32P]
dCTP using random primer extension. Hybridization (16 h at
65°C) used probe DNA with a total radioactivity of ~0.5 wCi.
Autoradiographs of the washed membranes were prepared and
the appropriate bands were scanned. The membranes were
dehybridized with 0.1% SDS by boiling for 20 min twice, before
reprobing with a rat B-actin probe.

MCP-1 mRNA. Five micrograms total RNA from each sample was
dot-blotted onto Nytran membranes by using a 77000X Easy-
Titer ELIFA System (Pierce). The probe DNA-rat mcp-1 DNA
fragment (5'-AAATGCATCTACATCTTGCATTTAAG-
GATTTC-TAGTATTCATG-3") was end-labeled by LofStrand
Lab. Hybridization (16 h at 65°C) used probe DNA containing
about 0.5 pCi [*?P]. Autoradiographs of the membranes were
prepared, and the spots were quantitated by scanning. The
membranes were reprobed with a rat B-actin probe as described
above.

Secretion of MCP-1. The supernatants from resting or stimulated
cells were tested as described (23) with an enzyme-immunoassay
kit from BioSource International (Camarillo, CA) according to
the accompanying instructions.

Results

Kinetics of Binding of Antigen. We examined the binding of
iodinated antigens to the IgE-sensitized cells under the condi-
tions used to assess the cellular responses. Fig. 1 Upper shows a
typical result for the DNP-modified antigen. At the higher dose
of antigen, equilibrium is achieved relatively slowly with a
half-time of roughly 20 min. The k.; calculated from the
individual time points was lower at successive times but initially
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Fig. 1. Time course of antigen binding and phosphorylation of receptors.
(Upper) Binding of DNP-conjugated antigen to adherent cells. Cells were
incubated with anti-DNP IgE and washed. Radiolabeled DNP-Fab was added
and at the appropriate times the supernatant was aspirated. The cells were
rapidly washed twice with medium, and then lysed with Triton X-100. The
cell-bound radioactivity was determined and the data were normalized to the
maximum value observed with the higher dose of antigen. On the basis of the
number of cells and the specific activity of the antigen, the molecules of
antigen bound per cell for this point was calculated to be ~1.2 X 105 mole-
cules/cell. Shown is one of three experiments, each of which gave very similar
results. The points are the averages of duplicate determinations with the
range shown. Here and in subsequent figures, where the range is not seen, it
was smaller than the size of the symbol. DNP-Fab (ng/ml):m, 42; ®, 7.6. (Lower)
Time course of phosphorylation of tyrosines on FceRI. Cells were incubated
with anti-DNP IgE and then stimulated with either the DNP- or NP-conjugated
antigen for varying times. The FceRIs were immunoprecipitated and the PY on
the B chain and the dimer of y chains were quantitated by Western blotting.
In this figure and Figs. 2 and 4, the data are from three or four separate
experiments and have been normalized relative to the maximum signal
observed on one of the samples reacted with 50 ng/ml of the DNP conjugate.
The error bars show the standard errors. Antigen (ng/ml): DNP, m 50, ® 10; NP,
J 500, © 100.

was ~5 X 105 M~lsec™!. As noted above, we couldn’t perform
a similar analysis with the NP-modified antigen.

Phosphorylation of Tyrosines on Receptors. In preliminary experi-
ments we determined the concentrations of each of the antigens
that would engender equally modest or substantial tyrosine-
phosphorylated FceRI. Fig. 1 Lower shows the time course of
phosphorylation for the two doses of each antigen we regularly
used on the basis of those preliminary results. The mean values
plus the standard errors from three experiments are shown for
the relative PY on the receptors resulting from incubation of the
cells with 10 or 50 ng/ml of the DNP-conjugate (filled symbols)

Liu et al.
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Fig. 2. Time course of phosphorylation of tyrosines on Syk. Cells were
incubated with anti-DNP IgE and then stimulated with either a DNP- or
NP-modified antigen for varying times. The Syk kinase was immunoprecipi-
tated and the PY on the kinase was quantitated by Western blotting. Antigen
(ng/ml): DNP, m 50, ® 10; NP, (1 500, O 100.

and 100 or 500 ng/ml of the NP-conjugate (open symbols). All
of the data were normalized to the maximum PY observed with
the higher dose of the DNP antigen in the individual experi-
ments. Either dose of the low-affinity ligand appears to modify
the FceRI somewhat more slowly. Compared with cells in
suspension stimulated at a 6-fold higher concentration (cf. figure
1A in ref. 12), the maximum concentration of phosphorylated
FceRI is observed at =30 min rather than =5 min, the kinetics
of increasing phosphorylation approximating the rate of binding
of iodinated DNP antigen to the cells measured in separate
experiments (Fig. 1 Upper). The “spontaneous” rate of decline
is also more gradual. At these doses of the paucivalent antigen,
the maximum phosphorylated FceRI observed is approximately
linearly proportional to the dose of antigen to which the cells
were exposed and it takes a roughly 10 times higher concen-
tration of the low-affinity ligand to induce comparable phos-
phorylation of FceRI. In our prior study with different prepa-
rations of similar conjugates, it took about seven times the
concentration (12).

Phosphorylation of Tyrosines on Syk. Fig. 2 shows the phosphory-
lation of Syk kinase observed in four experiments in which cells
were incubated with the same doses of the same preparations of
the antigens described in Fig. 1 Lower. With the high-affinity
ligand, the amount of phosphorylated Syk observed is not
linearly proportional to the dose of antigen. Based on the
integrated values, the 5-fold increase in the concentration of
antigen induced less than a 50% increase in the phosphorylation
of Syk (cf. Fig. 1 Lower). In the cells exposed to the low-affinity
ligand, a 5-fold increase in the concentration of antigen induces
only a 2-fold increase in the phosphorylation of Syk. Consistent
with our prior observations, the low-affinity ligand stimulates
phosphorylation of Syk less efficiently than the high-affinity
ligand per phosphorylated FceRI. Finally, we note that the rate

Liu et al.

0.1 1 10

60 RS T
o/./.
50+ - g
®
40 1 .
(0]
L 304 ° -
s
8 |
3]
| / O— / |
[ / ©
10+ e 5 i
0 T T T T AR
1 10 100
Antigen (ng/ml)

Fig. 3. Release of hexosaminidase from cells stimulated with varying doses
of the alternative antigens. The amount of release plotted is the average
observed at 60, 90, and 120 min after addition of either antigen. Upper
abcissa: DNP antigen, ®; Lower abcissa: NP antigen, O.

at which the maximum phosphorylation of Syk is stimulated by
the low-affinity ligand is clearly slower.

Degranulation. Fig. 3 summarizes several experiments that exam-
ined the release of hexosaminidase. With the DNP ligand (e),
close to maximal release is observed by addition of 10 ng/ml.
With the low-affinity NP antigen (©) ~10 times as much was
required to achieve maximum release but this release was only
1/3 of that observed with the high-affinity ligand. Because these
doses lead to comparable phosphorylation of FceRI, it is ap-
parent that receptors aggregated by the low-affinity ligand are
less efficient in triggering this downstream signal also.

c-fos mRNA. It has been reported that transcription of the gene for
c-fos stimulated by FceRI does not depend on persistent aggre-
gation of the FceRI (24). If so, transcription of c-fos might not
be constrained by kinetic proofreading. Fig. 4 summarizes
several experiments in which FceRI-stimulated increases in the
c-fos mRNA were assayed. The results resemble those described
so far for the other manifestations that follow phosphorylation
of FceRI. At doses that yield comparable levels of tyrosine-
phosphorylated FceRI, the low-affinity ligand is less efficient in
stimulating the distal event. As with the other signals, the
maximum level of mRNA is initiated by levels of phosphorylated
FceRI far below those that can be achieved. Finally, as is also
observed with the other responses, the maximum level achieved
by the low-affinity ligand is substantially below that achieved by
the high-affinity ligand. However, in this instance, the down-
stream signal followed similar kinetics for the two ligands.

MCP-1 mRNA. mRNA for MCP-1 is strongly induced upon aggre-
gation of the FceRI on rat basophilic leukemia cells (17). Like
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Fig. 4. FceRI-stimulated increases in c-fos mRNA. After the desired stimula-
tion, RNA was extracted, separated on gels, and transferred, and after blot-
ting with the appropriate probe, the latter was quantitated. Antigen (ng/ml):
DNP, m 50, ® 10; NP, (1 500, O 100.

responses seen for other downstream signals, maximal mRNA
was seen at doses of antigen below those that stimulate increas-
ing phosphorylation of FceRI (compare data for the two highest
doses, squares and circles in Figs. 1 and 5). The rise and fall of
mRNA for MCP-1 followed similar kinetics for the two antigens,
the maximum level achieved being between 2 and 4 h (Fig. 5).
But surprisingly, when normalized to the higher doses of antigen
yielding comparable levels of phosphorylated FceRI, the levels
of the mRNA stimulated by the low- and high-affinity ligands
were similar (Fig. 6). It was as if this response was not subject to
kinetic proofreading. At doses of antigen sufficiently low so that
even the high-affinity ligand stimulated only a partial response,
a proportionately reduced dose of the low-affinity ligand stim-
ulated disproportionately diminished synthesis of mRNA for
MCP-1. However, at these low doses we cannot be certain that
the 10-fold differences in concentrations of the high- and
low-affinity antigens stimulated equal amounts of phosphory-
lated FceRI.

As documented in Fig. 5, the level of mRNA falls fairly sharply
after 2-3 h. Possibly, by measuring mRNA levels, we were grossly
underestimating the rate of transcription. To test this, actino-
mycin D was added to some of the wells 1 h after addition of
antigen. As seen in Fig. 7 Upper, actinomycin D rapidly blocked
further accumulation of mRNA, but the existing mRNA was
stable over the time interval assessed. Therefore, in the 1-2 h
after addition of antigen, the increase in MCP-1 mRNA accu-
rately reflects the enhanced transcription.

To determine whether the synthesis of MCP-1 mRNA de-
pended on the persistence of aggregated receptors we added a
monovalent hapten instead of actinomycin D (Fig. 7 Lower). It
is apparent that further accumulation of mRNA was abruptly
reduced, although not instantaneously halted.

Finally, we checked whether the doses of the high- and
low-affinity antigen that stimulated equivalent phosphorylation
of FceRI and transcription of the MCP-1 gene also stimulated
equivalent secretion of the MCP-1 protein. This proved to be the
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Fig.5. Kinetics of accumulation of MCP-1 mRNA. Cells were stimulated with

the alternative high- and low-affinity ligands and the MCP-1 mRNA quanti-
tated by ELIFA analysis (Materials and Methods) with a [32P]-probe. After
correction for loading based on the amount of mRNA for B-actin, all of the
data were normalized relative to the maximum mRNA observed in one of the
samples from the cells reacted with the 50 ng/ml dose of the DNP conjugate.
(Upper) DNP conjugate (ng/ml): m, 50; ®, 10; A, 2; ¥, 0.4; ®, 0.08. (Lower) NP
conjugate (ng/ml): OJ, 500; O, 100; A, 20; Vv, 4; ©, 0.8.

case: In three experiments, the amount of MCP-1 secreted in
response to 50 and 100 ng/ml of NP relative to the amount
released after stimulation with a 10-fold lower dose of DNP
averaged 0.77 and 0.95, in striking contrast to the receptor-
induced release of hexosaminidase (Fig. 3). However, similar to
what was observed with respect to transcription of mRNA, at
doses where the high-affinity ligand triggered only a partial
response, a proportionately lower dose of the low-affinity ligand
stimulated disproportionately lower secretion of MCP-1.

Discussion

Purpose of Study. Our interest is in some of the generic aspects of
how surface receptors trigger cellular responses. The mast cells
we use to explore such general questions respond to the aggre-
gation of particular cell surface receptors, FceRI, when the
receptor-associated IgE binds a multivalent ligand. Recently, we
observed that the efficiency with which later events were gen-
erated from earlier ones correlated with the length of time an
individual receptor would be expected to remain in an aggregate
due to its association with the ligand through the bound IgE (12).
Such differential efficiency is expected for a system subject to a
kinetic proofreading regimen (10, 11). In the context of the
system we study, such a regimen would apply if individual
receptor(s) had to persist in a ligand-induced aggregate through-
out the time necessary to generate the distal response being
monitored. That the cellular responses are immediately aborted
upon hapten-induced disaggregation of the receptors is consis-
tent with such a model.

In the current study we first wanted to see the effects of a
change in protocol that, by mechanisms still unclear, enhances

Liu et al.
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Fig. 6. MCP-1 mRNA stimulated by variable doses of the low- and high-
affinity ligands. The values shown are the time integrated amounts observed
in the experiments shown in Fig. 5, normalized to the response by the cells
reacted with 50 ng/ml of the DNP antigen. Upper abcissa: DNP antigen, ®;
Lower abcissa: NP antigen, O.

the responses of the cells (14). Would this difference affect the
extent to which the signaling pathway(s) were constrained by
kinetic proofreading? Would the enhanced responsiveness alter
the impact of the dissociation rate constant on later events?
Second, we wanted to examine some putatively later cellular
events that are more easily monitored on the adherent cells used
here.

Comparison to Prior Results. Like the suspended cells studied
previously, the adherent cells showed disproportionately dimin-
ished responses to the low-affinity (more rapidly dissociating)
ligand. Nevertheless, in both protocols, certain quantitative
aspects are not easily explained by the simplest type of model.
For example, all of the responses show a waxing and waning of
the response. As yet, there are few experimental data that
account for the decline (6), and it means that at least some of the
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Fig. 7. Effect of actinomycin and hapten on accumulation of MCP-1 mRNA.

The values shown are the net differences between the mRNA for the unstimu-
lated vs. stimulated cells. The data are the pooled results from two experi-
ments in which samples for each time point were collected and from a third
experiment in which no samples were collected at 100 and 120 min. The data
for the cells to which no antigen was added are shown at time "“zero’ even
though they were collected at 60 min. The values for the MCP-1 mRNA were
corrected for the content of B-actin mRNA and then normalized to the amount
found at 80 min. (OJ) Positive controls; no inhibitor added. (Upper) Actinomy-
cin added at 60 min (m). (Lower) Hapten added at 60 min (m).

responses measured likely represent the sum of opposing
reactions.

The decreased efficiency by which the rapidly dissociating
ligand converts proximal signals into distal effects is character-
istic for a system subject to kinetic proofreading. However, in the
adherent cells the phenomenon was less pronounced than that
observed with cells in suspension. In the latter studies where we
used concentrations of antigen comparable to the higher dose
used in the current work, the normalized ratio of phosphorylated
Syk per phosphorylated receptor was little more than 0.1 for the
low affinity compared with the high affinity ligand (see figure 1A

Table 1. Comparative responses of cells stimulated with slowly or rapidly dissociating ligands

DNP NP Relative response*
High dose Low dose High dose Low dose High dose Low dose

PY-FceR 1 0.21 1.01 0.28 1.01 1.3
PY-Syk 1 0.70 0.54 0.29 0.54 0.42
Degranulation 1 0.94 0.34 0.28 0.34 0.30
c-fos mRNA 1 0.88 0.45 0.21 0.45 0.24
MCP-1 mRNA 1 1.26 1.24 0.94 1.24 0.75
MCP-1 secretion N.D. 1 N.D. 0.95 — 0.95

Cells were stimulated with either 50 (high) or 10 (low) ng/ml of the DNP antigen or 500 (high) or 100 (low) ng/ml of the NP antigen.
The responses were integrated over time and then normalized to the response of the cells exposed to the high dose of the DNP antigen.

N.D., no data.

*Response to NP/response to DNP at high or low dose of antigen.

Liu et al.
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in ref. 12); with the adherent cells, the ratios were ~0.5 and 0.4
for the maximal phosphorylations achieved at the high and low
doses (Table 1).

Several of the responses also showed an unexplained satura-
tion effect. Thus, whereas the higher dose of antigen stimulated
a 4-fold increase in the phosphorylation of the receptors, the
phosphorylation of Syk it induced was at most 50% greater (Fig.
2 and Table 1). This finding suggests that there was insufficient
Syk available to become phosphorylated yet the responses to the
two doses of the low-affinity ligand show a similar saturation
effect but at much lower absolute levels of phosphorylated Syk.
Moreover, direct analysis showed that =10% of Syk was pre-
cipitable by anti-PY even when the cells were stimulated with the
higher dose of the high-affinity ligand (I. Reischl, personal
communication). Possibly, the anomalous results reflect an
inactivation of phosphorylated Syk (25). However, the model
described in the accompanying paper does not predict the results
if such a step is introduced (26). Likewise, the data are not
explained by postulating that some of the phosphorylated Syk
dissociates from the aggregated receptors but remains phosphor-
ylated for a time consistent with results from experiments in
which receptors were disaggregated with hapten (26). Similarly,
neither the basic nor modified models predict the delay in the
maximum phosphorylation of Syk achieved by the low-affinity
ligand (Fig. 2). Clearly, additional experiments and modeling will
be necessary if these results are to be rationalized.

Transcription of MCP-1. The most unexpected finding was that at
least at the higher doses of antigen, the phosphorylated FceRIs
engendered by the low-affinity ligand were about as efficient as
those produced by the high-affinity ligand in initiating transcrip-
tion of the gene for MCP-1. This result was particularly notable
because of the relatively late appearance of this cellular re-
sponse. Nevertheless, the response wholly depended on aggre-
gation of the receptors because addition of hapten rapidly
aborted the response even when added as late as an hour after
the initiation of aggregation and when there is only a small
amount of additional binding of antigen (cf. Figs. 1 and 7). These
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results indicate that a major portion of the transcription of the
gene for MCP-1 that occurs between 1 and 2 h after stimulation
requires the presence of the ligand:receptor complexes.

Our provisional interpretation of this phenomenon is as
follows: Certain biochemical pathways stimulated by FceRI,
such as those leading to secretion of hexosaminidase and the
phosphorylation of cellular constituents such as Pyk2 and Erk2
(12), appear to involve multiple steps that require the continued
presence of the particular liganded receptors that initiated the
sequence of events.

We suppose that other events, such as the stimulated
transcription of the gene for MCP-1, may not be so con-
strained. That is, that a form of liganded receptor promotes the
formation of a component (X') that in turn stimulates distal
steps in a separate pathway without having to be physically
associated with the liganded receptor. Because the concen-
tration of this component is only maintained by the continued
presence of the receptor-associated intermediate, the system
nevertheless remains sensitive to the receptors’ state of liga-
tion. The accompanying paper (26) presents a formal analysis
of such a branch in a pathway that is otherwise under kinetic
proofreading control (figure 5a in ref. 26).

Ca?* is a plausible candidate for a component no longer
constrained by kinetic proofreading in such a scheme. Recent
evidence shows that Ca2*-ATPase inhibitors, which raise intra-
cellular Ca?", promote both transcription of the gene for MCP-1
and secretion of the chemokine (23, 27). Clearly it will now be
relevant to see whether ligand affinity influences the changes in
intracellular Ca?* levels induced by aggregation of FceR1 as well
as the downstream events that are in turn affected. Obviously, at
some stage the transcription of a gene must be physically
independent of the receptor:ligand complex because of their
discrete cellular localization in the nucleus and plasma mem-
brane, respectively.
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