shorter half-lives.

Transcriptional readouts are versatile
screens for drug candidates, because most
signaling pathways result in expression or
repression of specific response elements and
genes. Steps in disease progression likewise
involve modulation of expression patterns,
which can be monitored by transcriptional
reporters even if the disease-causing mech-
anisms are not yet understood. The selec-
tivity and sensitivity of the B-lactamase
transcriptional readout as a screen for drugs
was assessed with a library of known phar-
macophores (Microsource Discovery Sys-
tems, Gaylordsville, Connecticut). This li-
brary of 480 biologically active compounds
was tested in a blind screen for muscarinic
agonism and antagonism in 96-well micro-
plates containing the C2 cell line. Known
agonists (acetylcholine, arecholine, be-
thanechol, carbachol, methacholine, and
pilocarpine) were identified at a test con-
centration of 5 uM, and no other com-
pounds in this set displayed agonist activity.
In the primary screen for antagonist activ-
ity, 41 compounds were active (>80% in-
hibition of the response induced by 100 uM
carbachol). Rescreening in a cell line lack-
ing the M, receptor distinguished the 13
true receptor antagonists from 28 com-
pounds that inhibited signal transduction
further downstream.

A concentration of about 50 B-lacta-
mase molecules per cell, or 60 pM in a
1.4-pl Jurkat cell, produces in 16 hours a
blue-green ratio well above that of non-
transfected cells, as apparent by unaided
color vision or color film (Fig. 3). By de-
creasing the duration of exposure to sub-
strate, we measured expression levels up to
about 20,000 molecules per cell in situ, A
yet higher dynamic range was quantifiable
in lysates (Fig. 2B). GFP is the only reporter
of single-cell gene expression whose assay is
less invasive than that of B-lactamase, but
because GFP is not catalytic, about 1 uM
cytosolic GFP (10° to 10° molecules per
cell) is necessary to show up over autofluo-
rescence background (26). Thus, most ap-
plications of GFP in mammalian cells have
needed strong constitutive promoters, typi-
cally from viruses, rather than weaker pro-
moters responsive to native mammalian sig-
nal transduction pathways. However, B-lac-
tamase does not yet supplant GFP as a tag
for subcellular localization of cytoplasmic
fusion proteins, because CCF2 and its
cleavage product diffuse throughout the cy-
tosol. The B-lactamase reporter system will
facilitate many applications such as geneti-
cally tagging transfected mammalian cells,
engineering cell lines with specific expres-
sion phenotypes, expression cloning of mol-
ecules that can be linked to gene transcrip-
tion, trapping genes whose expression levels

are developmentally or pharmacologically
regulated, and identifying natural or phar-
maceutical ligands for receptors.
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Dimerization-Induced Inhibition of Receptor
Protein Tyrosine Phosphatase Function Through
an Inhibitory Wedge

Ravindra Majeti, Alexandrine M. Bilwes, Joseph P. Noel,
Tony Hunter, Arthur Weiss*

The function and regulation of the receptorlike transmembrane protein tyrosine phos-
phatases (RPTPs) are not well understood. Ligand-induced dimerization inhibited the
function of the epidermal growth factor receptor (EGFR)-RPTP CD45 chimera (EGFR-
CD45) in T cell signal transduction. Properties of mutated EGFR-CD45 chimeras sup-
ported a general model for the regulation of RPTPs, derived from the crystal structure
of the RPTPa membrane-proximal phosphatase domain. The phosphatase domain
apparently forms a symmetrical dimer in which the catalytic site of one molecule is
blocked by specific contacts with a wedge from the other.

The RPTPs are a family of signaling mol-
ecules whose function and regulation are not
well understood (I). In T cells, the RPTP
CDA45 is required for T cell development (2)
and T cell receptor (TCR) signal transduction
(3-5), presumably by dephosphorylating the
negative regulatory COOH-terminal tyrosine
in the Src-family kinase Lck (6). A chimeric
EGFR-CD45 molecule restores TCR-mediat-
ed signal transduction in a CD45-deficient T
cell line; furthermore, treatment of these
cells with EGF blocks TCR-mediated signal-
ing, which suggests that CD45 is negatively

regulated by ligand-induced dimerization
(7). A possible explanation for this negative
regulation comes from the crystal structure of
the membrane-proximal phosphatase do-
main of the RPTP, RPTPa, which revealed a
putative inhibitory wedge in symmetrical
dimers (8). Two acidic residues found in this
wedge are strongly conserved among the
membrane-proximal phosphatase domains of
RPTPs (8). Thus, ligand induced-dimeriza-
tion may result in inhibition of phosphatase
activity, and consequently of signaling func-
tion, through specific interactions between
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Fig. 1. Reconstitution of CD45-deficient T cells with wild-

type or E624-mutant EGFR-CD45 chimeric molecules.

(A) Cell surface expression of the EGFR-CD45 chimera, c
CD45, and the TCR on cell lines as determined by immu-
nofluorescence and flow cytometry. Cells were stained
with a control antibody (solid line), anti-EGFR (bold line),
anti-CD45 (dotted ling), and anti-TCR/CD3 (dashed line)
(78). (B) TCR-mediated calcium mobilization. CD45-defi-
cient cells (a) stably reconstituted with EGFR-CD45 wild-
type (b), EGFR-CD45/E624A (c), or EGFR-CD45/E624R
(d) chimeric molecules were treated at the indicated times
with antibody to the TCR (anti-TCR) (79). Similar results
were obtained with multiple independently isolated stable
clones expressing the E624A or E624R mutant chimeras 1
(10). CD45-deficient cells responded to ionomycin with

&34 5 6.7 88 10

IP: anti-ZAP-70

detectable calcium mobilization (70). (C and D) Restora-

tion of TCR-mediated ZAP-70 phosphorylation and MAPK phosphoryl-
ation. Wild-type CD45-expressing cells (lanes 1 and 2), CD45-deficient
cells (lanes 3 and 4), EGFR-CD45 wild-type (lanes 5 and 6), EGFR-CD45/
E624R (lanes 7 and 8), and EGFR-CD45/E624A (lanes 9 and 10) reconsti-
tuted cells were stimulated for 2 min with antibody to the TCR (20). (C)
ZAP-70 tyrosine phosphorylation was assessed by immunoprecipitation
and immunoblotting with antibody to phosphotyrosine (Anti-phos.; top

the catalytic site and the wedge containing
the acidic residues.

To test this model, we stably reconstituted
a CD45-deficient T cell line, H45.01 (4),
with EGFR-CD45 chimeric molecules in
which glutamate 624, analogous to aspartate
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ed stable clones (70).

228 in the RPTPa wedge (8), was mutated to
alanine (E624A) or arginine (E624R) (9).
Subsequently, we assessed the ability of EGF
to negatively regulate TCR signal transduc-
tion in these cells. Stable reconstitution of
this CD45-deficient cell line with the wild-
type EGFR-CD45 chimera restored normal
TCR-mediated signal transduction (Fig. 1)
(7). Wild-type and mutant reconstituted cell
lines expressed comparable amounts of the
EGFR-CD45 chimera and comparable
amounts of the TCR/CD3 complex, as deter-
mined by flow cytometry (Fig. 1A). Mutation
of glutamate 624 appeared not to result in a
global defect in the function of CD45, be-
cause in H45.01 cells reconstituted with
E624A or E624R mutant chimeras, mobiliza-
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panel); the same blot was stripped and reprobed with antibody to ZAP-70
(bottom panel). (D) MAPK phosphorylation was assessed by blotting a
portion of the whole cell lysate with antibody specific for phosphorylated
MAPK (top panel); the same blot was stripped and reprobed with antibody
to MAPK (bottom panel). ERK1 (top band) and ERK2 (bottom band) were
detected. Similar results were obtained with multiple independently isolat-

tion of calcium (Ca?*) (Fig. 1B) and in-
creased phosphorylation of the protein ty-
rosine kinase ZAP-70 and mitogen-activated
protein kinase (MAPK) (Fig. 1, C and D) in
response to TCR stimulation were similar to
those responses in cells reconstituted with the
wild-type chimera. Tyrosine phosphatase ac-
tivity of the mutant CD45 cytoplasmic do-
mains expressed in Escherichia coli was similar
to that of the wild-type protein (10). It is
unlikely that these mutations affect EGF
binding to the chimeric receptor, because the
extracellular portion of all three chimeras
consists entirely of the wild-type EGFR extra-
cellular domain, and these cell lines displayed
similar specific binding of radioiodinated EGF
(10). As observed with the wild-type EGFR-
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CD45 chimera (11), no internalization of the
mutant EGFR-CD45 chimeras was detected
in cells treated with EGF for up to 30 min
(10).

Stable expression of the wild-type EGFR-
CD45 chimera in H45.01 cells restored the
normal amplitude and time course of Ca**
mobilization in response to TCR stimulation

(Fig. 2ZA) (7). This Ca®* flux was inhibited

-upon addition of EGF (Fig. 2B) (7). H45.01
cells stably expressing the EGFR-CD45/
E624A mutant chimera also mobilized Ca?*
in response to TCR stimulation with a similar
amplitude and time course (Fig. 2D); howev-
er, this Ca?" flux was less effectively inhib-
ited by EGF (Fig. 2E). A similar lack of re- -
sponsiveness to EGF was observed with

H45.01 cells stably expressing the EGFR-
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Fig. 2. Effects of EGF on TCR-mediated calcium

mobilization in CD45-deficient T cells expressing

EGFR-CD45 wild-type (A through C), EGFR-CD45/E624A (D through F), or EGFR-CD45/E624R (G
through l). Cells were treated at the indicated times with EGF or antibody to the TCR. Similar results were
obtained with multiple independently isolated stable clones (70).
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Fig. 3. Effects of EGF on TCR-mediated ZAP-70 and MAPK phosphorylation in CD45-deficient T cells

expressing EGFR-CD45 wild-type (A and B, lanes 1

through 5) or EGFR-CD45/E624R (A and B, lanes

6 through 10). Cells were stimulated as indicated: no stimulation (lanes 1 and 6); 2 min with antibody to
the TCR (lanes 2 and 7); 3 min with EGF (lanes 3 and 8); 2 min with both antibody to the TCR and EGF
(lanes 4 and 9); and 1 min pretreatment with EGF, then 2 min with antibody to the TCR (lanes 5 and 10).
(A) ZAP-70 tyrosine phosphorylation was assessed by immunoprecipitation, followed by immunoblot-

ting with antibody to phosphotyrosine (top panel)

; the same blot was stripped and reprobed with

antibody to ZAP-70 {bottom panel). (B) MAPK phosphorylation was assessed by blotting a portion of the
whole cell lysate with antibody specific for phosphorylated MAPK {top panel); the same blot was stripped
and reprobed with an antibody to MAPK (bottom panel). In the bottom panel, the variable upper band
represents ERK1. Similar results were obtained with multiple independently isolated stable clones (70).
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CD45/E624R mutant chimera (Fig. 2, G and
H). Treating cells expressing the wild-type
chimera with EGF before TCR stimulation
inhibited Ca?* mobilization (Fig. 2C) (7). No
such inhibition was evident in cells expressing
either of the mutant chimeras (Fig. 2, F and
[). Similar effects of EGF both before and after
TCR stimulation were obtained when up to
10 times more EGF was used (10). Thus,
dimerization of the mutant chimeras has a
reduced inhibitory effect on Ca?* mobiliza-
tion in response to TCR stimulation.

Stimulation of the TCR results in recruit-
ment and tyrosine phosphorylation of ZAP-70
as a result of activation of the Lck protein
tyrosine kinase (5, 12). TCR stimulation also
results in the phosphorylation of MAPK (12).
These events do not occur in CD45-deficient
T cells (Fig. 1, C and D). Expression of the
wild-type EGFR-CD45 chimera in H45.01
cells restored tyrosine phosphorylation of
ZAP-70 upon TCR stimulation (Fig. 3A).
Concurrent administration of EGF or pre-
treatment with EGF inhibited the tyrosine
phosphorylation of ZAP-70 induced by TCR
stimulation (Fig. 3A). In H45.01 cells stably
expressing the EGFR-CD45/E624R chimera,
TCR stimulation also resulted in tyrosine phos-
phorylation of ZAP-70 (Fig. 3A). However,
EGF's inhibition of tyrosine phosphorylation
of ZAP-70 was reduced in these cells (Fig.
3A). MAPK was also phosphorylated in re-
sponse to TCR stimulation in H45.01 cells
expressing the wild-type chimera (Fig. 3B).
MAPK phosphorylation was inhibited in
these cells when they were treated with EGF
(Fig. 3B). Little or no inhibition was observed
when H45.01 cells expressing the EGFR-
CD45/E624R chimera were treated with EGF
(Fig. 3B). Similar results for both ZAP-70 and
MAPK phosphorylation were obtained with
cells expressing the EGFR-CD45/E624A mu-
tant chimera (10). Thus, in CD45-deficient T
cells stably expressing the E624A or E624R
mutant chimeras, the inhibitory effect of EGF
on ZAP-70 or MAPK phosphorylation was
reduced or eliminated.

The hallmarks of T cell activation after
TCR stimulation are production of interleu-
kin-2 and increased cell proliferation, which
require both activation of the Ras pathway
(leading to MAPK phosphorylation) and
Ca?" mobilization (12). Here we have
shown that both signaling pathways are less
effectively inhibited by ligand induced
dimerization of E624-mutant EGFR-CD45
chimeric molecules. Thus, it appears that T
cells expressing E624A or E624R mutant
CD45 molecules would continue to be acti-
vated in the presence of an inhibitory ligand.

Although ligands for several RPTPs have
been determined (1), the natural ligand for
CD45 remains unknown. CD45 can form
dimers (13), and some antibodies that can
dimerize CD45 inhibit its function (14). The
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interaction of CD45 with its ligand may in-
duce its dimerization and in turn regulate the
activity of Lek. In the absence of ligand, both
wild-type and mutant CD45 molecules are
catalytically active monomers. In the pres-
ence of a CD45 ligand, both wild-type and
mutant CD45 may dimerize, with different
consequences for Lck activity. In cells ex-
pressing wild-type CD45, the catalytic site
of each molecule would be blocked by the
wedge containing glutamate 624 from the
partner molecule, inhibiting CD45 phos-
phatase activity. Consequently, Lck would
remain in the phosphorylated, inactive
conformation, and TCR signals would be
inhibited. In E624R-mutant CD45 mole-
cules, the wedge is altered so that the cat-
alytic sites are not occluded in the ligand-
induced dimer. CD45 phosphatase activity
would be retained and maintain Lck in its
active conformation.

We chose to mutate glutamate 624 of
CDA45 because it is analogous to aspartate 228
within the putative inhibitory wedge of
RPTPa (8). Aspartate 228 of one monomer
contacts the mobile loop in the active site of
the opposing monomer through a hydrogen
bond between the side chain carboxyl moiety
of aspartate 228 and a backbone amide of the
loop. This interaction, along with other con-
tacts, would preclude the necessary movement
of the loop upon substrate binding, rendering
the phosphatase inactive. Mutation of gluta-
mate 624 of CD45 presumably disrupts the
analogous interaction in CD45 dimers, there-
by allowing the mobile loop to change con-
formation upon substrate binding, resulting in
an active CD45 phosphatase.

Ligand-induced dimerization plays an es-
sential role in the regulation of receptor
tyrosine kinases, leading to autophosphoryl-
ation and activation of protein tyrosine ki-
nase activity (15). Ligand-induced dimer-
ization may also play an essential role in the
regulation of RPTPs. However, instead of
leading to activation, dimerization of

RPTPs results in inhibition.
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Dissociated Pattern of Activity in Visual Cortices
and Their Projections During Human Rapid Eye
Movement Sleep

Allen R. Braun,* Thomas J. Balkin, Nancy J. Wesensten,
Fuad Gwadry, Richard E. Carson, Mary Varga, Paul Baldwin,
Gregory Belenky, Peter Herscovitch

Positron emission tomography was used to measure cerebral activity and. to evaluate
regional interrelationships within visual cortices and their projections during rapid eye
movement (REM) sleep in human subjects. REM sleep was associated with selective
activation of extrastriate visual cortices, particularly within the ventral processing stream,
and an unexpected attenuation of activity in the primary visual cortex; increases in regional
cerebral blood flow in extrastriate areas were significantly correlated with decreases in the
striate cortex. Extrastriate activity was also associated with concomitant activation of
limbic and paralimbic regions, but with a marked reduction of activity in frontal association
areas including lateral orbital and dorsolateral prefrontal cortices. This pattern suggests a
model for brain mechanisms subserving REM sleep where visual association cortices and
their paralimbic projections may operate as a closed system dissociated from the regions
at either end of the visual hierarchy that mediate interactions with the external world.

Since its discovery in 1953 (1), the stage of movements (REM sleep) has been the sub-
sleep characterized by electroencephalo- ject of unremitting scientific investiga-
graphic desynchronization and rapid eye tion. Exceptional interest in REM sleep
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