most consistent with the hypothesis that
activation of the ISGF3« proteins occurred
in a cellular fraction that contains plasma
membranes.

In vivo activation of ISGF3a is associ-
ated with its translocation to the nucleus
(4, 6). We therefore determined whether or
not activation of ISGF3a was directly cou-
pled to its release from the membrane.
After incubation with IFN-a for 30 min,
the Mb fraction was sedimented at 15,000g
for 15 min, and the supernatant from the
membranes was added to the Sup fraction at
4°C (Fig. 3B). Under these conditions no
ISGF3 was present. However, when the
sedimented membranes were resuspended
in buffer with the detergent NP-40, recen-
trifuged, and the supernatant then assayed,
ISGF3 was formed. It can be inferred from
this observation that release of the activat-
ing factor from the membranes is not direct-
ly coupled to the activation of the ISGF3a
proteins; rather, it appears to require anoth-
er reaction.

A variety of cofactors that are needed for
well-described signaling systems were in-
cluded in the incubation buffer of the cell-
free system (Fig. 1). Because only the Mb
fraction was necessary to activate ISGF3a
in vitro, this provided an assay system to
determine whether these cofactors were
essential for the signaling process. Calcium
had no effect on the activation of ISGF3.
The removal of NaF, which inhibits serine-
threonine phosphatases, was also without
effect. Because the nonhydrolyzable guano-
sine triphosphate (GTP) analogue guano-
sine 5'-O-(3'-thiotriphosphate) (GTP-y-S)
was not required and the presence of gua-
nosine 5'-O-(2-thiodiphosphate) (GDP-B-
S, an inhibitor of GTP binding protein—
mediated signaling) was without effect on
activation of ISGF3a by IFN-a, guanine
nucleotide binding proteins do not appear
to be required. The absence of ATP or the
substitution of a nonhydrolyzable analogue
adenylyl (B,y-methylene)-diphosphonate
(AMP-PCP) for ATP inhibited activation
of ISGF3a, as did the addition of stauro-
sporine (50 nM), a protein kinase inhibi-
tor. Lower concentrations of staurosporine,
which specifically inhibit protein kinase
C’s, had no effect on formation of ISGF3
(9). These results confirm the results of
several in vivo studies that indicated that
Ca’* is not needed for IFN-« signal trans-
duction but that the activation of a protein
kinase is required (10-13). However, the
use of the in vitro system eliminates any
secondary changes in cellular metabolism
that these inhibitors might have caused in
vivo.

Although much progress has been made
in understanding the regulation of certain
hormone-stimulated ~ signaling  systems,
those systems that are activated by growth

factors and cytokines have been more diffi-
cult to analyze, in part because it has not
been possible to duplicate any rapid re-
sponse in vitro. [IFN-a—induced ISGF3 for-
mation is a very rapid event mediated by
interaction of this cytokine with its cell
surface receptor (1). We observed forma-
tion of ISGF3 with IFN-a~treated mem-
branes mixed with the Sup fraction at 4°C;
maximal formation of the complex required
less than 30 min. Furthermore, the addition
of staurosporine (50 nM) to membranes
after incubation with IFN-a (30 min,
30°C) but before mixing with the Sup did
not inhibit the formation of ISGF3 (8).
The most likely explanation of our results is
that the ISGF3a proteins are membrane-
associated and are rapidly activated in re-
sponse to IFN-a. The activation of the
factor in the membrane fraction appears not
to be directly coupled to its release from the
membrane fraction because only after the
addition of detergent was a factor released
that led to the formation of ISGF3. This
suggests that another enzymatic reaction
(for example the action of a protease or a
lipase) may be needed to permit the associ-

ation of ISGF3a with ISGF3+y.
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IP3 Receptor: Localization to Plasma Membrane of
T Cells and Cocapping with the T Cell Receptor

Adil A. Khan, Joseph P. Steiner, Michael G. Klein,
Martin F. Schneider, Solomon H. Snyder*

Immune responses in lymphocytes require cellular accumulation of large amounts of
calcium (Ca2+*) from extracellular sources. In the T cell tumor line Jurkat, receptors for the
Ca?*-releasing messenger inositol 1,4,5-trisphosphate (IP;) were localized to the plasma
membrane (PM). Capping of the T cell receptor-CD3 complex, which is associated with
signal transduction, was accompanied by capping of IP, receptors. The IP, receptor on
T cells appears to be responsible for the entry of Ca2* that initiates proliferative responses.

Signal transduction in many cellular sys-
tems, initiated by neurotransmitters, hor-
mones, or antigens, involves an initial rap-
id rise in the concentration of intracellular
Ca?* ([Ca?*],) followed by a slower plateau
phase; the initial peak, but not the second
phase, is independent of extracellular Ca?*
(1). The phosphoinositide (PI) second mes-
senger system is responsible for the initial
release of intracellular Ca?* by the genera-
tion of IP;, which releases Ca?* from spe-
cific receptor proteins at intracellular sites
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that are presumably associated with the
endoplasmic reticulum (ER) (2).

In lymphocytes, the phase of elevated
[Ca2*], derived from external sources is
more prolonged than in most other types of
cells and leads to proliferation (3). The
mechanisms responsible for this receptor-
mediated influx of extracellular Ca®* have
not been clarified. Inositol 1,3,4,5-tetra-
kisphosphate (IP,) has been suggested as a
mediator (4). Alternatively, IP; may medi-
ate this Ca’* entry either by communica-
tion of the IP;-responsive ER vesicles with
the plasma membrane (PM) or by direct
actions of IP; at receptors located on the
PM (1, 5).

In Purkinje cells of the cerebellum, IP,
receptors (IP;R) are concentrated in dis-
crete components of the ER; there is no
evidence for the receptor on the PM, as
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revealed by immunohistochemistry and
electron microscopy (6). In lymphocytes,
however, patch clamp recordings revealed
IP;-sensitive Ca?* channels in the PM (7,
8). Subcellular fractionation also suggests
an association of the IP;R with the PM in
liver and adrenal tissues (9). In neurons,
IP,Rs in the PM may constitute only a small
fraction of the total IP;Rs, whereas in
lymphocytes IP;Rs in the PM may be more
abundant and could be related to capping of
the T cell receptor CD3 complex (10) and
Ca’* entry.

To determine whether affnity-purified
goat antibodies to the IP;R in nervous
tissue (anti-IP;R) (6, 11) could recognize a
similar protein in lymphocytes, we analyzed
Jurkat cells and crude thymus membranes
by protein immunoblot. As in cerebellar
preparations, a single 260-kD band was
detected, reflecting the presence of authen-
tic IP;R protein (Fig. 1).

In intact cells, proteins in the PM can be
selectively labeled with 251 (12). Jurkat
cells were iodinated with lactoperoxidase,
the proteins separated by sialic acid-specific
lectin column chromatography, and the
samples immunodepleted with anti-IP;R. A
discrete 260-kD band, whose mobility was
the same as that of the IP;R and which was
depleted by immunoprecipitation with anti-
IP,R, was iodinated (Fig. 2); thus, the
protein was associated with the PM. The
majority of the ER IP;R is cytoplasmic,
with membrane-spanning loop regions in
the lumen of the ER (2). A similar structure
presumably exists in the IP;R of the PM,
with only a small region of the protein
exposed extracellularly. Accordingly, the
number of tyrosine residues available for
iodination may be few, which could ac-
count for the faintness of the surface-
labeled band. Spectrin, a prominent pro-
tein of the membrane skeleton underlying

Fig. 1. Protein immuno-
blot detection of IP;R
with affinity-purified goat
anti-IP;R. Lane T, thy-
mus homogenates; Lane
J, Jurkat homogenates.
Molecular weights are
shown at the left (in kilo-
daltons).

Fig. 2. Immunoprecipita-
tion of '25l-labeled plas-
ma membrane IP;R by
anti-IP,R.  Arrowhead
marks the position of im-
munoprecipitated I1P,R.
Immunoprecipitation
from Jurkat lymphocytes i

with nonspecific goat IgG (lane A) or with anti-
IP;R (lane B). Molecular weights are shown at the
left (in kilodaltons).
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the plasma membrane, was not labeled by
this procedure; however, when the cells
were permeabilized with methanol, promi-
nent labeling of spectrin was evident (13).
Immunohistochemical examination of
Jurkat cells revealed a selective association
of IP;R immunoreactivity with the PM
(Fig. 3A). If a limited amount of antibody
enters the cell, then IP;R immunoreactivi-
ty might reflect ER that was adherent to the
inside surface of the PM. However, the
cells were impermeable because they ex-
cluded the dye tryptan blue (tryptan blue is
excluded by intact living cells). In contrast,
when we permeabilized the Jurkat cells with
methanol, clumps of IP;R immunoreactiv-
ity were apparent in the cell and also in
association with the PM (Fig. 3D).
Surface receptor patching and capping

are initial events of signal transduction in
lymphocytes during which numerous pro-
teins migrate to a single pole of the cell
after stimulation with antigen or other pro-
liferative stimuli (14). Elements of the ER
do not participate in the capping response;
however, some cytoskeletal elements asso-
ciated with the PM do cap (15). In resting
lymphocytes, staining for both the IP;R and
CD3 complex was uniformly distributed
along the cell surface (Fig. 3, A, B, and E).
Double immunofluorescent labeling was
used to examine the distribution of the IP;R
and CD3 complex during capping. Patch-
ing and capping of Jurkat cells, initiated by
exposure to concanavalin A (Con A), re-
sulted in the comigration of IP;R and CD3
complex immunoreactivity to a single pole
of the lymphocytes (Fig. 3, E to ]). Similar

Cc

Fig. 3. Localization and topographical distribution of the IP;R and CD3 complex surface antigens,
as shown by immunofluorescence. Jurkat lymphocytes in Hanks basic salt solution, 1 mM Hepes,
and FBS (2%) were stained with (A) affinity-purified rabbit anti-IP,R and goat anti-rabbit fluorescein
isothiocyanate (FITC) and (B) mouse monoclonal anti-CD3 and goat anti-mouse Texas Red. (C)
Jurkat lymphocytes were stained with anti-IP,R that had been blocked with an excess of purified
IP;R. (D) Permeabilized Jurkat cells (100% methanol, 5 min) were stained with anti-IP;R. (E to J)
Redistribution of IP;R and CD3 complex antigens during the capping of surface receptors in Jurkat
lymphocytes. (E) Double exposure showing fluorescence staining pattern of surface IP;R (FITC/
green) and CD3 complex (Texas Red). (F) Coincidental patching of IP;R and CD3 complex after 30
min of stimulation with Con A. (G) Patching of IP,R after 30 min of stimulation with Con A. (H) Capping
of IP,R after 60 min of stimulation with Con A. (I) Capping of CD3 complex after 60 min of stimulation
with Con A. (J) Co-capping of IP;R and CD3 complex after 60 min of stimulation with Con A.

SCIENCE ¢ VOL. 257 ¢ 7 AUGUST 1992



immunohistochemical results were seen in
T lymphocytes isolated from blood and
lymph nodes.

Inositol 1,4,5-trisphosphate receptor lo-
calized in the cap may serve as a principal
entry point for Ca?* in proliferating lym-
phocytes. We measured the spatial distribu-
tion of [Ca’*], in mature peripheral T
lymphocytes with the use of the Ca2*-
sensitive fluorescent indicator fura-2 and
microscope-based digital video imaging
methods (16) (Fig. 4). If IP;Rs in the PM
are responsible for the influx of Ca?* during
cap formation, then the [Ca?*], in the cap
should be higher than in the rest of the cell.
After exposure of the cells to lectin, the
[Ca?*], rose sharply to five times the resting
concentration, declined to a plateau at
twice the resting concentration for 0.5
hour, and then fell to the resting concen-

2000 1 o
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Fig. 4. (A) Time course of elevation of [Ca2*] in
a single peripheral human T lymphocyte. Con A
(15 pg/ml) was added to the bath at time zero.
Each point represents the mean [Ca?+] deter-
mined by averaging all pixels in the calculated
[Ca2*] image of the cell whose 358-nm fluores-
cence intensity image was above a given
threshold. The horizontal line (labeled “cap”)
indicates the time during which a cap was
evident in the 358-nm fluorescence image of
this cell. (B) [Ca?*] in four regions of the same
cell as in (A) monitored just before and during
cap formation (77); (V) (top line) subarea en-
compassing the cap region; (i, A, ®) subar-
eas encompassing regions of the cell outside
the cap. (C) Pseudo-colored, intensity-coded

[Ca2+] images in a Con A—stimulated lympho-

cyte during different stages of cap formation.
Ca, 7 min after addition of Con A; Cb, 29 min
after stimulation with Con A; Cc, 42 min after
stimulation with Con A; Cd, 43 min after stimu-
lation with Con A; arrowhead indicates forma-
tion of cap; Ce, Cf, Cg, Ch, 44, 46, 51, and 55
min, respectively, after stimulation with Con A.
The color and intensity scale indicates [Ca2*]
vertically and the relative concentration of
fura-2 horizontally (both scales are linear).

tration after 2 hours. At the start of the
phase of sustained [Ca?*], elevation, a
prominent cap formed at the pole of the
lymphocyte where the [Ca?*), exceeded the
concentration in other areas of the lympho-
cyte, and was maintained until the end of
the recording period (Fig. 4B). Before the
development of the cap, three of four sub-
areas (17) in a single examined cell con-
tained a similar [Ca®*] (Fig. 4B). By the
start of the formation of the cap, the [Ca2*]
in the cap region exceeded the concentra-
tion in the other three regions. The con-
centration of Ca?* in all regions of the cell
declined in parallel over the next 40 min,
but the [Ca?*] in the cap region was always
higher than in any other part of the cell.
Pseudo-colored images of the [Ca?*] in a
lymphocyte at various times after exposure
to con A showed a higher [Ca?*] in the cap

SCIENCE ¢ VOL. 257 ¢ 7 AUGUST 1992

. REPORTS

than in other parts of the cell, which
persisted even while the mean [Ca?*] in the
cell declined (Fig. 4, G and H). In six other
con A-stimulated lymphocytes, the relative
time course of [Ca’*), elevation and cap
formation were similar. T cells stimulated
with anti-CD3 displayed a similar distribu-
tion of [Ca?*].

In summary, several lines of evidence
indicate that the IP;R in Jurkat T cell
lymphocytes is localized to the PM. Surface
iodination labels the IP;R, which is immu-
nodepleted by anti-IP;R after isolation by a
sialic acid—specific lectin. Immunohisto-
chemical analysis shows localization of the
receptors to the PM and capping after
stimulation with con A. Subcellular frac-
tionation indicates localization of the Jur-
kat cell IP;R to the PM (18). In thymus or
PM fractions of Jurkat lymphocytes, IP;R
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contains substantial amounts of sialic acid
(18), a sugar selectively associated with
proteins of the PM that does not occur in
proteins of intracellular membranes (19).

An association of the IP;R with the PM
may not be restricted to lymphocytes. We
have demonstrated the presence of sialic
acid in highly purified preparations of IP;R
from olfactory cilia, although concentra-
tions are less than in those from prepara-
tions of lymphocytes (18). In olfactory cil-
ia, immunohistochemical techniques that
use confocal and electron microscopy reveal
the presence of IP;R localized to the PM
(20). Localization of the IP;R to liver and
adrenal tissues has also been suggested by
subcellular fractionation studies (8).

In lymphocytes, IP;R in the PM may
account for the entry of extracellular Ca?*
after proliferative stimuli. Depletion of in-
ternal Ca?* stores might influence Ca®*
entry (21) by influencing IP;-gated Ca?*
channels in the PM. No evidence has been
obtained in lymphocytes for other mecha-
nisms of Ca?* entry, such as voltage-depen-
dent Ca?* channels (8, 22) and ryanodine
receptors. Because proteins in the PM do
not also occur in intracellular membranes
(and vice versa) (23), IP;R in the PM may
differ structurally from IP;R in the ER, as
suggested by their different inositol phos-
phate specificities and sugar content (I8).
Alternative splicing (24) and multiple
genes (25) may account for this diversity.
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