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studied to date for NO is extremely high,
with kipding constants on the order of 10V
M1 () Nggrthermore, the kinetics of dis-
sociation are gy slow: The rate constant
for the release of Yggnd NO from human

hemoglobin is on the OMegof 107° s at
20°C and neutral pH (9). Hodl Fe(ll)
henie proteins bind NO with mud ss

affinity, with binding constants in the range
of 10° to 10° M™1, and the kinetics of
dissociation are faster (kg = 1 to 40 5s71)
(10). Thus, an Fe(lll) heme protein would
be a much better carrier of NO if release of
this effector after dilution is required. On
the basis of the spectral changes observed
(Figs. 1 and 2), it appears likely that an
Fe(Ill) heme pretein may be involved in
the Rhodnius salivary vasodilator.

To further confirm the importance of
the Fe(Ill) heme protein, we caried cut
experiments using electron paramagnetic
resonance (EPR) spectroscopy. Fe(lll)
heme proteins have an odd number of]
electrons that exist in a high-spin fo
when pentacoordinated and rvpically gi
rise to EPR spectral features at spectroscgp-
ic splitting factors (g) of 6 and 2 (11, ).
Additicn of NO to an Fe(Ill) heme prgfein
produces an even-electron species tffat is
EPR silent (12). The EPR spectra offRhod-
nius salivary gland homogenates befpre and
after exposure to an argon atmospffere and
after subsequent exposure to NO gre shown
in Fig. 4 (13). Only a weak fignal was
observed for the homogenate ffefore argon
equilibration, but strong signflls at g = 6
and g = 2 were observed aftgf argon equil-
ibration (Fig. 4, B and D)f These signals
disappeared after subsequght exposure of
the homogenate to NO. Te small signai at
3200 G (g = 2.08) thafdoes not change
with argon or NO equiljbration is probably
produced by a nonheng-based radical that
accounts for ~5% offthe intensity of the
high-spin Fe(lll) sigfal. The observarion
that the shape of thfs g = 2.08 signal does
not change after JJO equilibration elimi-
nates a nitrosyliroff(1I) center from consid-
eration because ghat odd-electron species
gives rise to veryffharacteristic EPR spectral
features in precjfely the same region of the
EPR. spectrumgK14). This characteristic is
shown in Figl 4E, where dithionite has
been added P the untreated homogenate
solution to gfoduce the Fe(I)NO species.

Chromagbfocusing of whole-gland ho-
mogenatesfon a Mono P column yielded
three majgt heme proteins, with isoelectric
points (pJfs) of 7.97, 7.53, and 6.94. The
reduced pPproteins had apparent masses of
26.0, 21, and 23.4 kD and were present
in amoghts ~f 192, 57.6, and 44.0 pmol per
giand pffir, respectively (15). Taken togeth-
er, thofle three proteins account for at least
90% ¢ the total heme protein content of
the gPnds. Preliminary resylts indicate that

all three proteins display identical NO-
binding properties, which closely march the
properties of the whole-gland homogenates.
The summed content of these proteins (293
pmol per gland pair) also matchegyh :
content of NO, 28 M Der pair, mea-
sured in the abseglle of Hg**.

Nitric oxide }fis recently been identified
as an importagfsignal melecule involved in
t gulatigh of vascular tone in verte-
brates \Sigdfts presence in Rhodnius saliva
suggests gfreMmgglable case of convergent
evolutigff. The RhiMwys heme proteins are
well syffted to enhance g success by
unlogfing the vasodilatory N{Oeghey are
dilyed in the host bloodstream; RS
N exhibits antiplateler activity and ma¥

p inhibit the formation of the platelet

ug (2). Although NO synthesis is related
o a variery of functions in vertebrates (2),
it has previously been reported only once in
another invertebrate (16). It remains to be
seen whether the ability 1o produce NO is a
phylogenetically old trait or whether it has
arisen independently in different lineages.
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Regulation of TCR Signaling by CD45 Lacking
Transmembrane and Extracellular Domains

SiniSa Volarevi¢, Barbara B. Niklinska, Christopher M. Burns,
Carl H. June, Allan M. Weissman, Jonathan D. Ashwell*

The CD45 protein is a transmembrane tyrosine phosphatase that is required for normal T
cell receptor (TCR)-mediated signaling. A chimeric complementary DNA encoding the
intraceliular enzymatically active portion of murine CD45 preceded by a short amino-
terminal sequence from p60% 5 was transfected into CD45~ T cells. Expression of this
chimeric protein corrected most of the TCR signaling abnormalities observed in the ab-
sence of CD45, including TCR-mediated enhancement of tyrosine kinase activity and Ca?*
flux, Thus, the enzymatically active intraceliular portion of CD45 is sufficient to allow TCR

transmembrane signaling.

Stimulation of T cells through the antigen-
specific receptor (TCR) initiates increases
in tyrosine phosphorylation (1), phosphati-
dylinositol  hydrolysis, and intracellular
Ca’* concentration ([Ca?*],) (2). Studies

S. Volarevié, B. B. Niklinska, C. M. Burns, J. D. Ashwell,
Biclogical Response Modifiers Program, Laboratory of
Immune Cell Biology, National Cancer Institute, Nation-
al Institutes of Health, Bethesda, MD 20892.

C. H. June, Immune Cell Biology Program, Navai
Medical Research Institute, Bethesda, MD 20888.

A. M. Weissman, Experimental immunology Branch,
National Cancer Institute, National Institutes of Health,
Bethesda, MD 20892,

*To whom correspandence should be addressed.

SCIENCE + VOL. 260 =» 23 APRIL 1993

of T cell lines that are deficient in expres-
sion of CD45 have established that this
transmembrane molecule, whose intracyto-
plasmic domains have intrinsic tyrosine
phosphatase activity (3, 4), participates in
coupling the TCR to these activation
events (5, 6). Studies of CD45-deficient
variants of a murine T cell line, YAC-1,
have shown that CD45 expressicn is in-
versely rtelated to spontaneous tyrosine
phosphorylation of a number of substrates,
including the { chain of the TCR. In
contrast to the typical rapid [Ca?*}, eleva-
tion exhibited by the YAC-1 wild-type

541




P “

(WT) cells, stimulation of the CD457 ¢eells
with monaclonal antibodies (mAb) 10 CD3
resulted in delayed, asynchronous [Ca™ "],
oscillations {6).

Experiments were done to determine if
expression of the intracellular portion of
CD45 alone is sufficient to restore normal
TCR-mediated signaling in CD45~ T cells.
Since the in vivo biclogical activity of
CD+45 might be dependent upon its loca-
tion in the plasma membrane, a cDNA that
encoded a chimeric molecule [the NH,-
terminal first 15 amino acids of p60* (Src)
and the enzymatically active inrracellular
pertion of murine CD43] was created (myr-
iCD43, Fig. 1A). The first 14 amino acids
of Src constitute a sequence that results in
its own myristylation, and can direct heter-
ologous proteins to the plasma membrane
(7). Two independent CD45~ mutanis, N1
and N2, were transfected, and stable neo-
mycin-resistant transfectants from both N1
(N1.8100) and N2 (N2.51 and N2.59)
cells were obtained. Expression of the
TCR, as judged by flow cytomertry, was
comparable in all of the cells (6, 5). Poly-
merase chain reaction (PCR) amplification
with oligomers specific for the Src myristyl-
ation sequence (3') and COOH-terminal
CD43-sequence (3') detected chimeric
transcripts from N2.S1 and N1.S100, but
not WT, N1, N2, or N2.54 cells (8). To
assess the amount of myr-iCD45 protein,
detergent lysates of cells were analyzed by
immunoblotting with an antiserum to the
cytoplasmic domains of CD45 (4). Full-
length CD45 was detected only in WT

cells, In agreement with the PCR analysis,
this antiserum Jetected a protein with the
predicted molecular size of the myr-iCD45
chimeric molecule {~83 kD) in N2.51, but
not N1, N2, or N2.84 cell lysates (Fig.
1B). A few nonspecific bunds of larger
molecular ¢ize were Jdetected bur Jid not
correlate with expression of the chimeric
molecule. A mAb to the NH,-terminal
portion of Sre was used to immunoprecipi-
tate and for immunoblotting and detected a
molecule of the predicted size for myr-
iCD45 in detergent lysates of N2.51 and
N1.S100 cells but not the untransfected
ceils or N2.84 (Fig. 1CQ). Ako shown is a
controt T cell hybridoma that was trans-
fected with ppb0*™'¢ (9); anti-Src detected
pp60* ¢ but not the higher molecular size
band that represents myr-iCD43. Myr-
iCD45 was also detected in rotal membrane
preparations made from N2.S1 and
N1.S100 cells, indicating thar at least a
portion of this molecule was directed to
membranes (8), although the subcellular
distribution of myr-iCDA4S is not vet char-
acterized. Finally, the mAb to Src specifi-
cally precipitated large and similar amounts
of tyrosine phosphatase activity from
N1.5100 and N2.S1 but not N1 or N2
cells, indicating that the myr-iCD45 chi-
mera is enzymatically active (Fig. 1D).
Loss of CD45 expression in YAC-1 cells
results in spontaneous tyrosine hyperphos-
phorylation of a number of proteins (6). To
determine if the myr-iCD45 chimeric pro-
tein would substirute for WT CD45 protein
in regulation of tyrosine phosphorylation,

Fig. 1. Expression of A myriCD4s B 5 &
myr-iCD45 in YAC-1 Src e I R
transfectants. (A) An . t° PTPasel PIRasell . 5z 2 8¢
expression vector with s EE

a cDNA insert encod- oS

ing the myr-iCD45 chi-

meric molecule was kD

prepared (18). This is a .
schemalic representa- 106—

tion of the myr-iCD45

chimeric protein. The -
first 15 amino acids (in- 80—

cluging the myristyla-

tion site) of Src are L EAL
shown, as well as the D301 0221:2531
two CD45 phosphatase 254 — X

domains. (B) Immunobilot of YAC-1 derivatives immunopre-

cipitated with antiserum 1o intraceliular CD45 and blotted 204

with the same serum (27). (C) Immunoprecipitation and g_ )

immunoblot of YAC-1 derivatives with a mADb 1o residues 7 © 151

to 15 of Src (D710, NCI/BCB Reposilory). 5B2 is a T cell ?3 10-

hybridoma that expresses v-sr¢ (9). (D) Tyrosine phospha-

tase activity of immunoprecipitated mys-iCD45 was mea- 54

sured in vitro by release of 32P from labeled substrate, as

described (6) except oo iiinw mudifications (22). The 0- T ~ i
slandard deviations of duplicate experimental points are z vg- z @
shown. CD45 immunoprecipitated from WT cells with a 2 2
mAb to the external domain of CD45 (6) had a A cpm of 2

29,700 in the same experiment. These resulls are represen- Cell

tative of three independent experiments.
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constitutive tyresine phogrhonlaoon was
analyzed (Fig. 2A). Tmmunepreapitation
and immunoblonting with a mAb 1o phoe-
rhotyrosine detected 2 number of byper-
phosphorylated species in the CD43™ NI
cell and the G318-redistant N2.54 cell thut
does not express the myr-iCD43 chimeric
molecule. The mou prominent species in-
cluded a doubletar 21 and 23 kD, and bands
at 38, 56, and 71 kD. In contrast, expression
of myr-iCD45 resulted in a retum of a
phosphonyrosine profile <imslar 1o the WT
cells, with the exception of the prominent
band ar 36 kD in N2.81 cells. The reasen for
this difference between the two myr-1CD45-
expressing cells is not known. The doublet
at 21 and 23 kD migrated similarly 1o phos-
rhorvlated L chain of the TCR in YAC-1
cells, which is spontanecudy hyvperphogho-
rylated in the absence of CD45 (6). The
state of { phosphonylation was directly deter-
mined by immunoprecipitation with serum
to { and immiunchlotting with anti-phospho-
ryrosine antibodies (Fig. 2B). No phospho-{
was detected in WT cells, whereas the
CD45™ N1 and N2.54 cells expressed thar
characteristic phospho-{ doublet. Although a
small amount was detected, { phosphonia-
tion was minimal in both of the myr-iCD45~
expressing cells, N2.S1 and N1.S100 (Fig.
2B).

Fluctuations in [Ca®*}, that can be in-
duced by stimulation through the TCR
were assessed. WT cells had an early in-
crease in {Ca®*], after stimulation (6) (Fig.
3A). CD45~ N1 and N2.54 cells respond-
ed with a small and delayed [Ca*"], in-
crease, which reflects delayed and asyn-
chronous Ca?* oscillations in thete cells
after stimulation with mAbs to CD3 (anti-
CD3) (6). The myr-iICD45% N2.S1 and
NI1.S100 cells responded to anti-CD3 with
kinetics similar to WT and with an even
greater increase in mean [Ca:*)i than seen
in WT cells. This enhanced respon:ze by
N2.S1 and NI1.SI100 cells was reproduced
in three independent experiments and is
due to an increase in the fraction of re-

- sponding cells (60% of WT cells versus

80% of myr-iCD45 transfectants) (Fig. 3B)
as well as higher [Ca?*}; in the responding
population. Whether the difference in the
maximal stimulated [{Ca’*]; between WT
and myr-iCD45~transfected cells was a re-
flection of some property that differs be-
tween whole and truncated CD45 requires
the analysis of more transfectants.
Activation-induced tyrosine phospho-
rylation of the TCR { subunir, anorher
ca.ly event in TCR signaling, was also
examined (Fig. 4). Unstimulated WT cells
had a small amount of spontaneous { ryro-
sine  phosphorylation that was rapidly
(within 5 min) enhanced by treatment with
anti-CD3. TCR { from the CD45™ cells

* was already hyperphosphorylated and did




not exhibit any increase upon stimulation.
Expression of the myr-1CD45 chimeric mol-
ecule resulted in spontancous {oryrosine
phosphorylation equivalent 10 WT cells,
and stimulation with anti-CD3 once again
increased phosphoryvlation. Similar results
were obtained with N1.S100 cells (10).
Our data show thar the intracellular
portion of CD45, in the absence of the
transmembrane and external Jomains, is
sufficient to restore baseline tyrosine phos-
phorylation of most substrates and activa-
tion-induced Ca’* dux and tyrosine kinase
activity. The CD43 extracellular domain is
391 to 552 amino acids in length, depend-
ing on the isaforms generated by alternate
mRNA splicing, and is heavily glycosylated
(11). This variability in the extracellular
domain, and the precise regulation of the
pattern of isoform expression during lym-
phoid development and activarion, implies
a functional significance for this part of the
molecule (12). The CD45 molecule may be
a receptor protein tyrosine phosphatase that
is regulated by ligand binding (13). The
human B cell molecule CD22 binds the T
cell CD45RO form (lacking exons 4, 5, and
6) (14). In addition, T cell surface CD45
interacts with surface molecules on the
same cell, such as the TCR, Thy-t, CD2,
and CD4 (15, 16). There may be some
isoform selectively in these associations, in
that CD4 cocaps with isoforms other than

Anti-phesphotyrosine Anti-{
g 3

A an% B & a3
- NN — - N oo
l:;- zzz = E zz 2z Z
1L10) o - o '

80 — : - 18.5— '
Fig. 2. Regulation of ty-
rosine  phosphoryla-
tion. Unactivaled cells
49.5— were lysed and immu-
noprecipiiated with (A)
mAb to phosphoty-
rosineg or (B) antiserum
32,5~ to {. Immunobiotting
- ~ was performed with an
T e -« anti-phosphotyrosine
275— . .- . antibody. Cells (5 x
- % ") were resuspend-

ed in lysis buffer with
tyrosine phosphatase
inhibitors (0.4 mM so-
dium orthovanadate, J.4 mM EDTA, 10 mM sodi-
um fluoricz, and 10 mM sodium pyrophosphale;
pH 7.8). Afler centrifugation, supernatants were
immunoprecipitated with either 4G10 (Upstate
Biotechniology, Inc., Lake Placid, New York) or
anti-{ (serum number 551) (23). The immunopre-
cipitates were boiled in sample buffer for 5 min,
and eluted proteins separated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). After
transfer 1o nitrocellulose, the proteins were immu-
noblotted with the 4G10 anti-phosphotyrosine an-
tibody. After incubation with '2%—protein A, the
filters were dried and autoradiographed.

185"

CD45RB but not CD43RB wsldf (16, If
anubodies are used to bring CD45 o
proximiry with these molecules, the resalt-
ing signals may be simulatory or inhibitory,
depending on the particular interactions
{17). Whatever the ligand for CD43, its
binding may regulate enzymatic activity or
substrate interactions and hence directly
affect signal transduction. In the case of
YAC-1 cells, the transmembrane and exter-
nal portions of CD45 appear to be “dispens-
able”; it is still possible, however, that they
might participate in regulating the response
to a more physiologic stimulus, such ay
antigen presented on the surface of sn

A 0®
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Fig. 3. TCR-mediatec increases in [Ca?*],. (A)
Mean [Ca?*], and (B) percent of responding
cells afler stimulation with anti-CD3. The [Ca?*],
was determined by flow cylometry according 10
the procedure of Rabinovilch and June {24).
Briefly, YAC-1 cells were loaded with 2.5 pM
indo-1 (Molecular Probes, Junction City, Ore-
gon) in HBSS for 25 min at 31°C. After estab-
lishing base-line values, purified mAb to CD3,
145-2C11 (25), was added to mzake a final
concentration of 20 ug/mi. Cells were anzlyzed
for violet:blue fluorescence emission ratio (395
nm:500 nm) with an Ontho CytoFluorograph
flow cytometer (Westwood, Massachusetis). A
standard curve was used to convert this ratio 10
absolute [Ca?+*], Cells with elevaled [Ca?*),
(>2 SD above base line) were 1aken as re-
sponding ceills.

kD
185 """
Ant-CO3: -+ - T+ T ET

Fig. 4. Anti-CD3-induced tyrosine phospho-
rylation of the { chain of the TCR. WT (CD45*),
N1 {CD457), and N2.S1 (myr-iCD45*) cells
were washed in ice-cold PBS and resuspended
in complete medium at a density of 5 x 107
celis/ml with or without 30 pg/mi of anti-CO3
(145-2C11) for 5 min at 37°C. The cells were
then washed in ice-cold PBS and the cell pel-
lets immediately fiozen. Detergent lysates of
these cells were immunoprecipitated with anti-{
(serum number 551) and immunoblotted with
anti-phosphotyrosing as described in Fig. 2.
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antigenepresennng ol Our recls Jhow
that the tinsmenmbrane and extscctlolar
portions of CID43 sre not reguitad 10 regy-
late tyrosine phosphon lation in the resung
state or for transmembrane siprahing thut is
induced by annbody perturbution of the

TCR.
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Rescue of Signaling by a Chimeric Protein
Cogtaining the Cytoplasmic Domain of CD45

Robing. Hovis, Jerald A. Donovan, Michael A. Musci,

David G.

dotto, Frederick D. Goldman, Susan E. Ross

Gary A. Koretzky*

Surface expression of the OR45 tyrosine phosphatase is essential for the T #RIl antigen

receptor (TCR) to couple opti

Rlly with its second messenger pathways. 045 may be

required to dephosphorylate a TO§-activated protein tyrosine kinase, wilh then {rans-

duces an activation signal from the
and transmembrane sequences froma

R. A chimeric molecule that contg
ele of a major histocompatibj

and cytoplasmic sequences of CD45 restygd TCR signaling in a

T cell line. Thus, expression of the complex &&gracellular domain g

ed extracellutar
class I molecule
B S-deficient mutant

D45 is not required

for tha TCR to couple to its signaling machiner)

Surface expression of CD45, a transmem-
brane tyrosine phosphatase found on all
nucleated hematopoieric cells (1), is re-
quired for efficient signaling through the
TCR (2-6). Defects in both proximal and
distal signal transduction events have been
documented in several CD45-deficient

tants, although the precise signaling gffe-
notype varies. Ligation of the TGK on
wild-type cells results in the actiyglon of a
protein tyrosine kinase (PTK) fllowed by
generation of phosphatidylingfftol (P1) sec-
ond messengers (7). Evideglfe suggests that
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these pa are causally linked because
tyrosiggPphospidglation of phospholipase
C-yAPLC-v1) is ¢§gntial for activation of
thPPl pathway (8). Rpe model for how

45 regulates TCR siNgling is that it
interacts directly with a R-acrivated
PTK, thought to be a membeNgf the src
family (9). Each src kinase poMygses a
COOH-terminal tyrosine that, when Mhgs-
phorylated, inhibits its PTK function (IC
A possible role of CD45 is to dephospho-
rylate this residue (11), allowing the PTK
to interact effectively with the TCR to
transduce an activation signal.

The features of CD45 required to pro-
mote TCR signaling remain unclear. Alier-
native splicing of the single gene encoding
CD45 gives rise to a number of separate
isoforms (1). These differ only in their
extracellular sequences and have complete
conservation of their cytoplasmic regions,
which contain two tandem phosphatase
domains. At least one isoform of CD45
interacts with CD22, a molecule expressed
on the surface of B cells (12). Members of
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the CDA5 Loy phyocally assovnite with
Feells (13), i

er {14). The e
5 {h[t{ C.\S!“d((_‘“u!u!
re ewential for the
ACHONE, givIng rite 1o

several surface antizens
an isoform-specific ma
form specificiry sugg

sequences of CD43

protein-protein in
the hypothesis th
of CB45 wie regfired for it regalanon of
TCR signaling A n alternative hyvpotheds
is that the co
CD43, with

the extracctillar repions

rved 2yvtopiasmic deman of
b ensymatic acuvity, may be
sufficient forff CR signaling.

We exaffined the requirement for ex-
pECSSiUH offfiie eaoeceilolar and tanamems
brane Jofffaing of CD45 in TCR signuhing
by usingl45.01 cells, 2 mutant derived from
the wan Jurkat T cell Line, that have
marhly diminiched surface expresaon of
Ch (4). The TCR on this clone does net
cffvle with either the PTK or PI weond

essenger pathwavs, Reconstitution of

D45 expresdon by gene transfer rescues
the signaling defect (15). A chimeric mol-
ecule was made by overlap extention poly-
meraze chain reaction (PCR) (16} that
contained the extracellular and tranunem-
brane domains of the HLA-A? allele of the
major histocompatibility complex (MHC)
class I inclecule and the cyteplasmic do-
main of CD43 (Fig. 1A). The A2 molecule
was chosen for the chimera hecause it bears
no homology with CD45, is not normally
expressed on Jurkat cells, and antibodies are
available for staining and immunoprecipita-
tion. Additionally, we find that MHC class
1 molecules do not co-cap with the TCR
complex in the Jurkat cell line. Transfec-
tion of wild-type A2 or A2-CD45 chimeric
cDNA resulted in the appearance of clones
expressing large amounts of protein immu-
noreactive with a moenoclonal antibody
(mAb) to A2 (enti-A2) on the cell (Fig.
1B) (17). These clones have maintained a
stable phenorype while in culture for great-
er than 6 menths. Immunoprecipitations
with anti-A2 from biosynthetically labeled
J45/CH11 cells (J45.01 transfected with
the chimeric protein) revealed a protein of
the expected molecular size (118 kD) seen
on SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) that had tyrosine phospha-
ase activity in an in vitro assay. We com-
d the amount of tyrosine phosphatase
activiyg present in membranes prepared
from Jur J45.01, and J45/CHI1 (Fig.
1C); expresMag of the A2-CD45 chime-a
reconstituted pMNgplistase activity essen-
tially to that of wildgpe cells.

To determine if exPiggsion of the chi-
meric protein would allowWyg TCR signal-
ing, we studied Jurka:, J4WQI, J45.01
transfected with wild-type A2 2M{several
independently derived clones expWgsing
the A2-CD45 chimera. The first signaWgg
event seen aftet TCR engagement on wil
type Jurkat was the rapid activation of a




