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ABSTRACT: To investigate IL-1-dependent interactions of IL-1 type I (IL-1 RI) receptors on intact cells,
lateral and rotational mobilities and detergent insolubility were investigated. Lateral mobility was measured
by fluorescence photobleaching recovery, using a Cy3-modified, noncompetitive mAb specific for IL-
1RI (M5) bound to wild-type IL-1 RI or mutant IL-1 RI with a truncated cytoplasmic tail. Addition of
IL-1 causes significant reduction in the mobile fraction of wild-type IL-1 RI for two different transfected
cell lines. For the mutant IL-1 RI, no significant decrease in response to IL-1 is observed, indicating that
the missing cytoplasmic segment is involved in IL-1-dependent interactions of IL-1 RI that lead to reduced
lateral mobility on the cell surface. The rotational mobility of IL-1 RI was assessed with phosphorescence
anisotropy decay measurements using erythrosin-labeled M5. IL-1 decreases the rotational mobility of
cell surface IL-1 RI on the microsecond time scale and also increases the initial anisotropy, indicating
loss in segmental motion. Measurements of resistance to solubilization by Triton X-100 showed that IL-1
binding increases the fraction of IL-1 RI sedimenting with cytoskeletal residues. The IL-1 receptor antagonist
protein (IL-1ra) causes partial effects in reducing rotational mobility and increasing detergent insolubility
of M5-lableled IL-1 RI, indicating that this ligand causes structural changes in the presence of the dimerizing
M5 mAb. These ligand-dependent physical interactions of IL-1 RI on the cell surface may be related to
signal initiation by this receptor.

Interleukin 1 (IL-1)1 is a major class of cytokines that
mediate pleiotropic immune and inflammatory responses (1,
2) including antibody synthesis (3), T cell activation (4), and
synthesis and secretion of acute-phase proteins, prostaglan-
dins, and collagenase (5). The IL-1 family includes two
agonists, IL-1R and IL-1â, and one antagonist, IL-1ra
polypeptides (6-8). Two types of IL-1 receptors have been
characterized: type I IL-1 receptors (IL-1 RI) mediate
transmembrane signaling (9, 10). Type II IL-1 receptors (IL-1
RII) do not, but may act as decoys to regulate IL-1
RI-mediated responses (10, 11). Because of intensive re-

search on these molecules during the past decade, good
progress has been made in understanding the intracellular
signal transduction pathways that they activate (12).

Both IL-1 RI and IL-1 RII have a single transmembrane
polypeptide chain (13-15) and an extracellular segment
responsible for IL-1 binding that consists of three immuno-
globulin-like domains. IL-1 RI has a substantially longer
cytoplasmic segment (219 residues;13, 14) than IL-1 RII
(29 residues;15). The cytoplasmic domain of IL-1 RI has a
sequence that is homologous with theDrosophila gene
product Toll (16), but not with known protein kinases (17).
Several studies showed that the cytoplasmic domain of IL-1
RI is required for IL-1 signal transduction (18-20). Recently,
a receptor-associated serine/threonine kinase activity was
identified that appears to be important for NF-κB activation
(21). These results suggest that the cytoplasmic segment of
IL-1 RI interacts with other protein components to transduce
a signal. Chemical cross-linking studies also provided
evidence for IL-1-dependent interactions of IL-1 RI with
other cellular proteins, including a homologous polypeptide,
the receptor accessory protein (22, 23).

Our recent fluorescence resonance energy transfer (FRET)
measurements showed that IL-1 binding causes IL-1 RI self-
aggregation which correlates with the initiation of cellular
signaling (24). For this study, a noncompetitive, nonactivat-
ing mAb specific for IL-1RI, M5, was used to introduce
fluorescent probes. IL-1R and IL-1â cause a time- and
temperature-dependent increase in FRET that occurs both
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with the wild-type receptor and with a mutant receptor
lacking the cytoplasmic tail, indicating that the self-aggrega-
tion detected is not a consequence of signaling events. These
measurements could not ascertain whether interactions with
other cellular components accompany IL-1-dependent recep-
tor self-aggregation.

In the study presented, we investigated physical interac-
tions of IL-1 RI with other cellular components on intact
cells. Phosphorescence anisotropy and fluorescence photo-
bleaching recovery (FPR) measurements show that the
rotational and lateral mobility of IL-1 RI decreases signifi-
cantly upon IL-1 binding. These results, together with the
observation of induced detergent insolubility, provide physi-
cal evidence that IL-1 binding causes receptors to form
aggregates larger than dimers that involve interactions with
other detergent-resistant structures.

EXPERIMENTAL PROCEDURES

Materials.Erythrosin 5-isothiocyanate (ErITC) and fluo-
rescein 5-isothiocyanate (FITC) were purchased from Mo-
lecular Probes, Inc. (Eugene, OR). Glucose oxidase (180 000
Sigma units/mg) was purchased from Sigma Chemical Co.
(St. Louis, MO). Argon was prepurified grade (O2 < 5 ppm).
Cy3 was purchased from Biological Detection Systems
(Pittsburgh, PA). Recombinant IL-1R, IL-1ra, and M5, the
rat mAb specific for IL-1 RI, were produced and purified
(25-27), and their binding with IL-1 RI was characterized
(24) as described.

Cells.CHO-K1 cells stably transfected with wild-type IL-1
RI (CHO-mu1c), and with IL-1 RI with a truncated cyto-
plasmic tail (CHO-extn) (18), were maintained in Ham’s
F-12 medium. C-127 mouse mammary carcinoma cells stably
transfected with wild-type IL-1 RI (28) were maintained in
Dulbecco’s MEM medium. These media were supplemented
with 10% fetal bovine serum, 100 units/mL penicillin, 100
µg/mL streptomycin, and 250-500 µg/mL Geneticin in a
humidified atmosphere of air enriched with 5.6% CO2. The
cells were harvested at confluence with 1.5 mM EDTA in a
saline/HEPES buffer, sedimented at 180g for 5 min, and
resuspended to a density of 3× 106 cells/mL in HEPES-
buffered saline (HBS: 135 mM NaCl, 5 mM KCl, 1.8 mM
CaCl2, 1 mM MgCl2, 5.6 mM glucose, and 20 mM HEPES,
pH 7.4, with 1 mg/mL bovine serum albumin).

Labeled DeriVatiVes.IL-1R and M5 were labeled with125I
using the chloramine T method (29). The Cy3 and FITC
derivatives of M5 were prepared and characterized as
described (24). For the ErITC derivative, M5 (1 mg/mL) in
PBS/EDTA, pH 7.7 (10 mM sodium phosphate, 100 mM
NaCl, and 1 mM EDTA), was incubated at room temperature
in the dark for 12 h after addition of 30 mM ErITC in DMSO
to give a 5:1 molar ratio of ErITC to M5. The sample was
then microfuged at 9000g for 10 min at 4 °C, and the
supernatant was exhaustively dialyzed in PBS/EDTA at pH
7.4. The molar ratio of coupling, ErITC:M5, was estimated
to be 4:1 in two preparations as based on extinction
coefficients of 83 000 M-1 cm-1 (536 nm) for ErITC, 31 600
M-1 cm-1 (280 nm) for ErITC, and 210 000 M-1 cm-1 (280
nm) for M5.

Detergent Insolubility Experiments.CHO-mu1c cells (5
× 106/mL) in HBS were incubated with125I-M5 (10 nM) or
125I-IL-1 for 50 min at 22 or 4°C, as indicated, and washed

once with HBS. Nonspecific binding, determined with excess
unlabeled ligand, was less than 5% of the total bound label
and was corrected in the data shown. As indicated, M5, IL-
1R, IL-1â, or IL-1ra was incubated with the labeled cells
for 50 min at 22 or 4°C and then washed with HBS. In
some experiments, the washed cells were subsequently
labeled with goat anti-rat IgG for 2 h at 4°C. The treated
cells were sedimented and then lysed by resuspension (5×
106 cells/mL) for 10 min on ice in lysis buffer [10 mM Tris,
pH 6.5, 50 mM NaCl, 5 mM EDTA, 0.01% NaN3, 0.05%
Triton X-100, 0.02 unit/mL aprotinin, and 1 mg/mL 4-(2-
aminoethyl)benzenesulfonylfluoride]. In some experiments,
the concentration of Triton X-100 in the lysis buffer was
varied as indicated. The amount of insoluble125I-labeled IL-1
RI was determined as a percent of the specifically bound
125I counts that sedimented after centrifuging the lysed cells
at 10000g for 3 min and counting pellets and supernatants
in a Beckman 9000 gamma counter. Similar trends in the
data were obtained when the lysed cells were centrifuged at
180g for 5 min.

Lateral Diffusion Measurements.FPR was measured with
previously established methods (30) using the 514 nm line
of an argon ion laser as the source for both bleaching and
monitoring the fluorescence recovery of the Cy3-M5 probe.
The e-2 radius of the illuminated spot was measured to be
0.78µm on a Mylar film with a sensitive CCD camera. No
detectable photobleaching was caused by the monitor beam.

Cells were resuspended at 8× 106 cells/mL in HBS and
incubated with a saturating amount (10-30 nM) of Cy3-
M5 mAb for 40 min at 4°C; then the mixture was washed
with fresh buffer and divided into two samples. IL-1 was
added to one sample and incubated for 30 min, and no
addition was made to a control sample. FPR was measured
on the plasma membranes of single cells at ambient tem-
perature (∼22 °C) with a Zeiss universal microscope. The
percent mobile fraction, %R, and the lateral diffusion
coefficient, D, were obtained by fitting the FPR recovery
curve according to Yguerabide et al. (31):

where Fi is the fluorescence before the bleach,F0 is the
fluorescence immediately after bleach, andF∞ is the fluo-
rescence after recovery;w is the radius of the focused laser
beam,t1/2 is the half-time for recovery, andâ is a tabulated
parameter that depends on the percent of bleach (31).

Rotational Diffusion Measurements.Time-dependent phos-
phorescence anisotropy was measured on suspended cells
with the instrumentation described previously (32, 33).
Erythrosin 5-isothiocyanate conjugated to M5 (ErITC-M5)
was excited with the 532 line of a frequency-doubled Nd:
YAG laser (Quanta-Ray DCR-2A) that was polarized with
a Glan Thompson prism. In L-format, collection of vertically
polarized emission was followed by collection of horizontally
polarized emission and signal-averaged (34); typically,
10 000 decays were accumulated in 1000 s for each
component. After correction for any changes in laser power
during emission collection, nonspecific phosphorescence was
corrected by subtracting the decay of the nonspecific control
sample. The difference intensity [d(t); eq 3], total intensity

%R ) (F∞ - F0)/(Fi - F0) (1)

D ) (w2/4t1/2)â (2)
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[S(t); eq 4], and anisotropy [r(t); eq 5] were calculated
according to (35):

in which I(t)II is the parallel polarized phosphorescence
intensity andI(t)⊥ is the perpendicular polarized phospho-
rescence intensity. Theg-factor was determined to be 1.01
for the L-format configuration (32). The aperture correction,
h, has a value of 1.75 in our system (33). For all the
experiments, the anisotropy decays were fit between 15 and
200 µs with a single-exponential decay using a weighted
nonlinear least-squares fitting routine (33):

in which r(t) is the time-dependent phosphorescence anisot-
ropy decay (eq 5),φ is the rotational correlation time, anda
is the residual anisotropy (r∞). The suma + b yields the
initial anisotropy (r0).

Dissociation of Receptor-Bound FITC-IL-1R. Cells were
first incubated with saturating concentrations of FITC-IL-
1R (30 nM for 3 × 106 C-127 cells/mL) for 50 min at 22
°C. A Coulter Epics Profile flow cytometer was used to
determine the mean fluorescence intensity on cells. After the
cell-associated fluorescence reached a steady state, FITC-
IL-1R dissociation was initiated by centrifugation of the cells
for 3 min at 1500g, followed by resuspension in HBS twice.
The decrease in cell-associated FITC fluorescence was
monitored by flow cytometry after washing. Nonspecific
binding and cell autofluorescence were assessed in parallel
samples by addition of fluorescently labeled ligands after
blocking the receptors with a 20-fold excess of unlabeled
over labeled IL-1R.

RESULTS

Lateral Mobility of IL-1 RI.The M5 mAb binds to murine
IL-1 RI at a site that is distinct from the IL-1 site, and does
not interfere with the capacity of IL-1 to bind and stimulate
responses in EL-4 cells (26). Although M5 alone does not
trigger a detectable cellular response, it probably cross-links
IL-1 RI to form dimers at the cell surface (36). Our previous
flow cytometry experiments established that the FITC and
Cy3 derivatives of M5 bind to transfected murine IL-1 RI
on CHO-K1 cells and on C-127 cells with the same
properties as the125I derivative of M5 (24, 25). With
fluorescence microscopy and steady-state fluorescence spec-
troscopy to detect endocytosis-mediated quenching due to
acidification in endosomes, we established that>95% of IL-1
RI labeled by these fluorescent M5 derivatives remains at
the cell surface under the conditions of our experiments in
the presence or absence of IL-1 ligands (37). Thus, we could
use these fluorescent M5 to monitor diffusion of IL-1 RI in
the plasma membrane.

For FPR measurements of lateral diffusion, CHO or C-127
cells were labeled with a saturating amount of Cy3-M5 mAb
and washed, and then IL-1â was added or not added. Figure
1 displays the FPR results for C-127 cells with (O) or without
(9) IL-1 bound, in terms of mobile fraction (percent

recovery, %R) and diffusion coefficient (D). Each point
represents an individual cell measurement. In the absence
of IL-1, the average values forD and %R are 5.7× 10-10

cm2/s and 64%, respectively (Table 1), which are in the range
found for many cell surface proteins (38). In the presence
of 10 nM IL-1 (∼90% saturation of IL-1 RI), there is a
significant decrease in the mobile fraction to 46% (Figure
1; Table 1). The averageD for the Cy3-M5-labeled IL-1 R1
that remain mobile when IL-1 is bound does not change
significantly (5.2× 10-10 cm2/s; Figure 1, Table 1). Under
the conditions of these FPR measurements, our previous
resonance energy transfer measurements showed that IL-1
causes IL-1 RI to aggregate (24). The decrease in %R
resulting from IL-1 binding cannot be simply explained by
the increased molecular mass of IL-1 RI dimers or small
oligomers. Rather, it appears that there are more extensive
interactions with other cellular components.

To determine whether the cytoplasmic segment of IL-1
RI is involved, we compared FPR measurements for wild-
type IL-1 RI and a mutant IL-1 RI with truncated cytoplasmic
tail. These were examined in CHO-K1 cell transfectants,
designated CHO-mu1c and CHO-extn cells, respectively. The
averageD for wild-type receptors on CHO-mu1c cells in
the absence of IL-1 is 12.2× 10-10 cm2/s with an average
mobile fraction of 74% [Figure 2A (9), Table 1]. This value
of D is 2-fold larger than that observed for the C-127 cells,
but still within the range observed for various cell surface
proteins (39). When IL-1 is added to the cells, the average
%R decreases to 60% [Figure 2A (O), Table 1], similar to
the decrease observed for the C-127 cells (Figure 1, Table
1). The average value ofD did not show a significant change

d(t) ) I(t)II - gI(t)⊥ (3)

S(t) ) I(t)II + ghI(t)⊥ (4)

r(t) ) d(t)/S(t) (5)

r(t) ) a + b exp(-t/φ) (6)

FIGURE 1: FPR measurements of IL-1 RI lateral motility on C-127
cells. Data are represented as mobile fraction (%R) vs diffusion
coefficient (D) for 123 measurements on individual cells in 5
separate experiments. Cy3-M5-labeled cells were treated (O) or not
treated (9) with 10 nM IL-1â for 30 min at 4 °C prior to
measurement at 22°C. The lines indicate the average values ofD
and %R for the different samples.

Table 1: Summary of FPR Results for IL-1RI

D (×10-10 cm2/s) %R

cells -IL-1 +IL-1 -IL-1 +IL-1

C-127 (n ) 123)b 5.7( 0.6a 5.2( 0.3 64( 2 46( 2
CHO-mu1c (n ) 53) 12.2( 1 12.5( 1 74( 4 60( 3
CHO-extn (n ) 50) 9.9( 1 10.0( 1 58( 3 53( 3

a Standard error of the mean.b n: Number of FPR measurements.
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after addition of IL-1, as for the C-127 cells. For CHO-extn
cells transfected with cytoplasmic tail-truncated IL-1 RI, the
average values forD and %R are 9.9× 10-10 cm2/s and
58%, and these values are not significantly altered by the
addition of IL-1 [Figure 2B (O), Table 1]. Thus, it appears
that the cytoplasmic segment of IL-1 RI participates in IL-
1-dependent interactions with other cellular components that
result in reduced lateral mobility of this complex.

Rotational Mobility of IL-1 RI.Rotational motion within
the plasma membrane is expected to be more sensitive than
lateral motion to changes in the effective size of labeled
proteins, and thereby their state of aggregation (39). We
assessed rotational mobility on the microsecond time scale
by measuring the time-dependent phosphorescence anisot-
ropy decay of ErITC-M5 bound to IL-1 RI. Phosphorescence
emission from ErITC arises from an excited triplet state, and
the observed emission usually contains multiple components.
In our measurement at 22°C, the total intensity decay was
resolved into three components, with normalized amplitudes
and lifetimes, respectively, of 0.14 and 18µs, 0.27 and 63
µs, and 0.59 and 150µs (data not shown).

A representative phosphorescence anisotropy decay curve
for ErITC-M5 bound to IL-1 RI on C-127 cells in the absence
of IL-1 is shown in Figure 3A, curve a. As in all of the
experiments described, the anisotropy decay can be fit by
the initial anisotropyr0, the residual anisotropyr∞, and a
single rotational correlation time,φ (eq 6), in the microsecond
time regime observed. Four experiments carried out under
the conditions of Figure 3A, curve a, yielded an average
value ofφ ) 42 ( 8 µs (Table 2). This time is longer than
expected for a membrane protein with only one or two
transmembrane segments (monomer or dimer of IL-1 RI)
rotating in a fluid bilayer, suggesting that the rotational
freedom is restricted even in the absence of IL-1. The
nonzero value ofr∞ (0.026) indicates that some of the ErITC-
M5-IL-1 RI complexes do not fully depolarize on the time
scale of these measurements.

FIGURE 2: Lateral mobility measurements of wild-type IL-1 RI on
CHO-mu1c cells (A) and mutant IL-1 RI with truncated cytoplasmic
tail on CHO-extn cells (B). Mobile fraction (%R) vs diffusion
coefficient (D) are plotted for 50 measurements made at 22°C on
individual cells of each type in at least 3 separate experiments.
Cy3-M5-labeled cells were treated (O) or not treated (9) with 3
nM IL-1â for 30 min at 4°C prior to measurement at 22°C. The
lines indicate the average values ofD and %R for the different
samples.

FIGURE 3: Phosphorescence anisotropy measurements of rotational
mobility of ErITC-M5-IL-1 RI complexes on C-127 cells, measured
at 22 °C. (A) Effects of IL-1R compared to IL-1ra on the same
sample of labeled cells: (a) representative anistotropy decay curve
with no additions; (b) decay curve after the addition of 30 nM IL-
1R; (c) decay curve after the addition of 30 nM IL-1ra. (B) Effects
of incubating with IL-1 and then washing to remove weakly bound
population, on the same sample of labeled cells: (a) anisotropy
decay curve before addition of IL-1; (b) decay curve after incubation
with 1.6 nM IL-1R; (c) decay curve after subsequent wash to
remove weakly bound IL-1. The smooth lines through the data
represent fits to eq 6. Values for the fitting parameters for panel A
are (curve a)r0 ) 0.043,r∞ ) 0.027,φ ) 44.9µs; (curve b)r0 )
0.076,r∞ ) 0.060,φ ) 80.3µs; (curve c)r0 ) 0.066,r∞ ) 0.042,
φ ) 57.1µs. Values for the fitting parameters for panel B are (curve
a) r0 ) 0.043,r∞ ) 0.029,φ ) 48 µs; (curve b)r0 ) 0.069,r∞ )
0.053,φ ) 82 µs; (curve c)r0 ) 0.078,r∞ ) 0.059,φ ) 75 µs.
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Incubation of the initial sample corresponding to Figure
3A, curve a, with a saturating dose of IL-1R (30 nM) yielded
the trace shown in Figure 3A, curve b. As summarized in
Table 2,r0 for the sample with IL-1 bound is consistently
higher than that observed in the absence of IL-1. Ther0 value
for the observed microsecond anisotropy decay approximates
the r∞ value for the anistropy decay occurring on the
nanosecond time scale during which segmental motion is
expected to occur. The differentialr0 values indicate that
there is a component to the anisotropy decay with a
correlation time on the submicrosecond time scale that rotates
more freely in the absence of IL-1. This suggests that the
M5-IL-1 RI complex has less segmental flexibility when IL-1
is bound. Ther∞ value in the microsecond time regime is
also consistently higher for the sample with IL-1, suggesting
that a larger fraction of the IL-1 RI is rotationally immobile.
The observed anisotropy decay for the sample with IL-1 has
φ ) ∼80 µs, consistent with the view that mobile IL-1 RI
complexes with IL-1 rotate at a rate that is roughly half of
that for the receptors with no IL-1 bound. The remainder
exhibit no significant rotation on this time scale.

When IL-1ra is added instead of IL-1 to saturate the M5-
IL-1 R1, the respectiver0 and r∞ values are consistently
between those observed for the other two samples (Figure
3A, curve c, and Table 2). Comparison of ther0 values
suggests that, on average, segmental motion on the nano-
second time scale for M5-IL-1 R1 with IL-1ra bound is
greater than that with IL-1 bound, but less than that without
IL-1. This, together with the intermediate values ofφ and
r∞ for the IL-1ra sample, is consistent with two populations
of receptor complexes: one that is more similar to IL-1-
receptor/M5 complexes, and one that is more similar to
unliganded receptor/M5 complexes. Other explanations, such
as a single population of IL-1ra-receptor/M5 complexes with
intermediate rotational motion, are also possible.

Dependence of Receptor Aggregation on Readily Disso-
ciable IL-1.In a different set of experiments, the anisotropy
decay curves for ErITC-M5-IL-1 RI in the absence and
presence of IL-1R (Figure 3B, curves a and b, respectively)
were compared to cells incubated with saturating IL-1 and
then washed (Figure 3B, curve c). Curve c is similar to curve
b except that ther0 and r∞ values are slightly greater. The
amount of IL-1R remaining bound to receptors under these
wash conditions was assessed in parallel experiments using
FITC-IL-1R as a probe. In two separate experiments, 64(
2% of the initially bound FITC-IL-1 remained bound after
the wash steps. Thus, a large fraction of IL-1-receptor
complexes bind tightly, and the readily dissociable IL-1
population is not necessary to maintain the interactions which
cause the IL-1-dependent loss of IL-1 RI rotational motion.
Our previous experiments showed that washing did not
reverse IL-1-dependent FRET (24). These combined results
support the view that IL-1-mediated IL-1 RI self-aggregation

results in stable complexes containing tightly bound IL-1
and possibly other cellular components.

Detergent Insolubility.Because of evidence for IL-1-
dependent decreases in the lateral and rotational motion of
IL-1RI, we tested the possibility that IL-1 or M5 causes
receptors to interact with the detergent-resistant cellular
cytoskeleton such that they sediment with the cytoskeletal
residues after cell lysis. In separate experiments, either125I-
M5 or 125I-IL-1 was used to label the receptors, and then,
after binding other ligands or no binding, cells were lysed
with the nonionic detergent Triton X-100. In the representa-
tive experiment at 4°C shown in Figure 4A, 9% of the125I-
IL-1 bound to IL-1 RI on cells is insoluble in the absence of
M5, and addition of M5 alone causes a small increase to
14%. Upon aggregation of IL-1 RI with M5 and a secondary
antibody, a large increase in insolubility to 50% occurs. This
increase is not due to the formation of large aggregates of
immune complexes that sediment with IL-1 RI because no
increase in the insoluble fraction occurs when the secondary
antibody is added after cell lysis (data not shown). Thus, it
appears that aggregation of IL-1 RI on the cell surface causes
interactions leading to association with the cellular cytosk-
eleton.

As shown in Figure 4B, 5-10% of the receptors labeled
with 125I-M5 are insoluble in the absence of IL-1. However,
binding of IL-1R or IL-1â at 22 °C results in significant
increases in the percentage of receptors sedimenting with
the cytoskeletal residues of the lysed cells. This IL-1-

Table 2: Summary of Phosphorescence Anisotropy Results for
IL-1RI

treatment r0 r∞ φ (µs)

ErITC-M5 (n ) 4)b 0.043( 0.004a 0.026( 0.003 42( 8
+IL-1 (n ) 2) 0.073( 0.004 0.057( 0.004 81( 1
+IL-1ra (n ) 2) 0.063( 0.004 0.040( 0.003 65( 12

a Standard deviation.b n: Number of experiments.

FIGURE 4: Detergent insolubility of IL-1 RI complexes on CHO-
muc1 cells. (A) IL-1 RI labeled with125I-IL-1 and tested with M5.
Cells (5× 106/mL) were incubated with or without 5 nM M5 for
60 min at 4°C, and one aliquot with M5 was subsequently washed
and incubated with goat anti-rat IgG for 2 h at 4°C. (B) IL-1 RI
labeled with125I-M5 and tested with IL-1 ligands. Cells (5× 106/
mL) were incubated with no IL-1 or with 30 nM IL-1R, IL-1â, or
IL-1ra for 60 min at either 22°C (solid bars) or 4°C (hatched
bars). After sedimentation and resuspension in Triton X-100 lysis
buffer, samples were centrifuged, and the supernatant and pellets
were counted separately in a gamma counter to determine the
percent of total radioactivity in the insoluble pellet.
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dependent increase in detergent insolubility was observed
consistently in 12 different experiments where the concentra-
tion of Triton X-100 was varied from 0.04% to 1%. The
ratio of IL-1-dependent to IL-1-independent insolubility was
similar over this range, but the magnitude of insolubility was
somewhat greater at the lower concentrations (data not
shown). Interestingly, IL-1ra causes a small but significant
increase in the insolubility of the125I-M5-labeled IL-1 RI at
22 °C. At 4 °C, small or insignificant increases in IL-1 RI
insolubility are caused by IL-1 ligands (Figure 4B). The
observed temperature dependence, 22°C vs 4°C, and also
the difference between the effects of IL-1R and IL-1â
compared to IL-1ra at 22°C are similar to IL-1-induced
aggregation of IL-1 RI (24). These results from independent
measurements of energy transfer (24), lateral (Figures 1 and
2) and rotational mobility (Figure 3), and detergent insolubil-
ity (Figure 4) suggest a relationship between the observed
physical interactions that may also be related to function.

DISCUSSION

We previously observed IL-1-dependent IL-1 RI self-
aggregation that correlated with signal initiation, and occurred
in the absence of a full cellular response, suggesting that
receptor aggregation is an early event in this process (24).
Similar aggregation was detected with labeled anti-IL-1 R1
(M5) or with M5 Fab fragments as FRET probes, indicating
that M5-induced receptor dimerization was not necessary.
The FRET measurements did not allow determination of the
fraction of IL-1 RI molecules that undergo aggregation, or
whether this process leads to interactions with other cellular
components. Although biochemical studies have provided
evidence for IL-1-dependent IL-1 RI interactions with a
kinase (21, 40) and a polypeptide that is structurally
homologous to IL-1 RI (23), the stoichiometries of these
interactions are unknown. Furthermore, the lateral and
rotational mobilities of this receptor before and after IL-1
engagement have not been previously investigated.

M5 binds tightly to IL-1 RI at the cell surface (37) and
thus provides a means to label IL-1 RI specifically with
radioactive or spectroscopic probes. Because IL-1 RI are
normally expressed on most mammalian cells at very low
densities that are insufficient for our spectroscopic measure-
ments, we employed two different cell lines, C-127 and
CHO-mu1c, that overexpress this receptor. The functional
competence of transfected receptors in these cells has been
previously established (18, 24).

For our phosphorescence anisotropy measurements, only
the more highly expressing C-127 cells provided an adequate
signal-to-noise ratio. For these cells, we previously showed
that IL-1R alone does not trigger prostaglandin E2 (PGE2)
production, but it does trigger a significant response when
M5 is also bound (24). For the CHO-muc1 cells, IL-1
stimulates a strong PGE2 response that is not affected by
M5. These observations, suggesting that M5 synergizes with
IL-1 to mediate signaling under suboptimal conditions, are
consistent with our preliminary results that significant
arachidonic acid production is stimulated by the IL-1
antagonist protein, IL-1ra, if M5 is also present (37).

The FPR measurements of IL-1 RI labeled with Cy3-M5
show that this receptor exhibits lateral diffusion coefficients
that are within the range typical for plasma membrane

proteins [(6-12)× 10-10 cm2/s; Table 1]. These values can
be compared with those observed at 21-23 °C for two other
plasma membrane proteins with single transmembrane span-
ning regions: 2× 10-10 cm2/s (41) to 20 × 10-10 cm2/s
(42) for class I MHC molecules; 1.5× 10-10 cm2/s (43) to
6 × 10-10 cm2/s (44) for EGF receptors. We note that the
capacity for M5 to dimerize IL-1 RI may have influenced
our measured values. A previous study showed that dimers
of class I MHC molecules labeled with mAb yielded similar
D values as those labeled with corresponding Fab fragments
(45), as expected from the logarithmic dependence ofD on
the size of the laterally translating molecule (39). However,
another study obtained significantly different values for class
I MHC molecules labeled with intact mAb compared to their
Fab fragments (42). The use of M5 Fab fragments in our
measurements was precluded by their significant dissociation
under the conditions of these experiments (unpublished
results). The value ofD for the mutant IL-1 RI which lacks
the cytoplasmic tail is slightly less than that for the wild-
type receptors transfected in to the same CHO cell line (Table
1), suggesting some influence of the cytoplasmic tail on the
rate of lateral diffusion of the mobile receptors. IL-1 binding
does not significantly alter the rate of lateral diffusion of
the receptors that remain mobile as indicated by minimal
effects on the value ofD for either the tail-less mutant on
the CHO cells or the wild-type receptor on either cell line.

Values for the mobile fraction (%R) for Cy3-M5-labeled
IL-1 RI and the tail-less mutant are distributed broadly
(Figure 1). This is reminiscent of FPR results for class I MHC
molecules (46), and suggests heterogeneous interactions
occur with other cell surface components and arise largely
from interactions of the extracellular and/or transmembrane
regions. The 14-18% decrease in the average value of %R
observed after IL-1â binding for wild-type IL-1 RI on both
the C-127 cells and the CHO cells suggests induced
immobilization of this fraction of the occupied receptors. The
tail-less mutant IL-1 RI shows a much smaller, statistically
insignificant decrease in %R after IL-1 binding. This
suggestion that the IL-1-dependent immobilization observed
is largely due to interactions between the cytoplasmic tail
and other cellular components may be related to the
importance of the cytoplasmic tail in IL-1 RI-mediated
signaling (18).

Consistent with the expected differences in sensitivity for
rotational and lateral diffusion (39), we find that IL-1 causes
large changes in the phosphorescence anisotropy decay of
M5-labeled IL-1 RI under conditions for which lateral
mobility changes are relatively small. The most obvious
change in the phosphorescence anisotropy caused by IL-1
addition is an upward displacement of the decay curve to
higher values ofr0 andr∞ (Figure 3A,B). These simultaneous
increases indicate a general reduction in the rotational
freedom of the erythrosin probe. In addition, IL-1 causes a
∼2-fold increase in the rotational correlation time (φ) of the
rotationally diffusing receptors that would be consistent with
a ∼2-fold increase in molecular mass of these complexes.

The value ofφ for ErITC-M5 bound to IL-1 RI in the
absence of IL-1 is larger than expected for a single
transmembrane protein in a fluid bilayer, or even for a dimer
of this protein that may be created by bivalent M5. We
previously found that the value ofφ for IgE bound to FcεRI,
a receptor with seven transmembrane segments, was about
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40 µs, similar to the value for M5-labeled IL-1 RI. Dimer-
ization of IgE-FcεRI on membrane vesicles by a mAb
resulted in a 2-fold increase in the value ofφ (33). Thus, if
M5-IL-1 RI complexes are actually dimers of IL-1 RI, then
φ for a single IL-1 RI would be expected to be∼20 µs,
which is still much larger than the value of 2-3 µs predicted
for a protein with a single transmembrane segment (39). This
suggests that other transmembrane polypeptides are associ-
ated with IL-1 RI, even in the absence of IL-1, or that the
bilayer in the vicinity of this receptor is correspondingly less
fluid.

As previously described (33, 47), the ratio ofr∞/r0 provides
a measure of the immobile fraction of receptors on the
microsecond time scale. IL-1 binding causes a significant
increase in this ratio from 0.60 to 0.78 (Table 2), suggesting
that the fraction of the immobile M5-IL-1 RI complexes
increases in response to IL-1 binding, consistent with the
lateral diffusion measurements. The increase inr0 that occurs
with addition of IL-1 may result from a decrease in the
segmental motion of the IL-1 RI-M5 complex; it could also
represent a decrease in a population of IL-1 RI that rotates
in the plane of the membrane withφ less than 5µs. That
changes in phosphorescence anisotropy are maintained after
washing away readily dissociable IL-1 (Figure 3B) suggests
the tightly bound IL-1 is responsible for the observed
reduction in rotational mobility.

Our observation that IL-1 causes 10-20% of IL-1 RI to
become associated with the detergent-resistant cellular
residues may be another manifestation of ligand-induced
interactions. Such insolubility in nonionic detergents such
as Triton X-100 is also observed after aggregation of
multichain immune recognition receptors, including B cell
receptors (48), T cell receptors (49, 50), and receptors for
IgE (51, 52), and appears to involve interactions with the
actin cytoskeleton (48, 51). We find that a small fraction of
IL-1 RI is not solubilized with Triton X-100 in the absence
of IL-1 ligands, and binding of IL-1 increases this fraction
more than 2-fold at 22°C with little or no increase at 4°C
(Figure 4B). This temperature dependence is similar to that
observed with IL-1-mediated IL-1 RI aggregation and cell
activation (24). IL-1 RI internalization precluded evaluation
at 37 °C (unpublished results). The percentage increase in
detergent insolubility of IL-1 RI in response to IL-1 is similar
in magnitude to the percentage decrease in mobile fraction
in response to IL-1 (Table 1), suggesting a direct relationship
between these ligand-dependent changes. Furthermore, the
requirement for the cytoplasmic tail of IL-1 RI for the loss
of lateral mobility suggests that these chances reflect
functionally important interactions with cytoskeletally an-
chored structures.

Our physical measurements are probably relevant to recent
studies that indicate IL-1-dependent interactions between
IL-1 RI and proteins involved in signaling (12, 53, 54). We
evaluated the interesting case of IL-1ra. Although this ligand
does not cause detectable signaling by IL-1 RI, single point
mutations can convert it to a signaling ligand (55), suggesting
that it may be structurally similar enough to IL-1 to cause
some signaling steps that are insufficient for the complete
response. Supporting this view are our biophysical data: IL-
1ra causes a small increase in FRET when IL-1 RI is labeled
with bivalent M5, but no significant change was observed

in response to IL-1ra when IL-1 RI was labeled with M5
Fab fragments (24); IL-1ra causes a significant change in
the phosphorescence anisotropy decay of ErITC-M5-labeled
IL-1RI which is intermediate between that for unliganded
receptor and that for receptor with IL-1R bound (Figure 3A);
IL-1ra in the presence of M5 causes significant detergent
insolubility of IL-1 RI at 22 °C but not 4°C (Figure 4).
These independent results indicate that bivalent binding by
M5 can facilitate a significant change in the physical state
of IL-1 RI in response to IL-1ra. These changes correlate
with a small but significant production of arachidonic acid
in response to IL-1ra in combination with M5 (37), providing
further evidence that the physical properties we have
characterized are relevant to signal transduction mediated
by this receptor.

Our results support a model in which IL-1 binding causes
self-aggregation of IL-1 RI, and this aggregation induces
interactions with other cellular components that significantly
reduce rotational mobility. This can lead to further interac-
tions via the cytoplasmic segment of the receptors that cause
loss of lateral mobility, detergent insolubility, and stimulation
of signaling events. Furthermore, in the presence of the
bivalent M5 mAb, IL-1ra may become a partial agonist,
underscoring the importance of receptor aggregation in the
initiation of signaling by this ubiquitous receptor.
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