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surface GalTase does not f ~ ~ n c t i o n  s~mplv  as 
a lectln-like cell adhes~on  molecille, hut 
rather its cytoplasmic domain associates 
\ n t h  a s~~na l - t r ansd i~c ing  net~vork. 
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Requirement for MAP Kinase (ERK2) Activity in 
Interferon a- and Interferon P-Stimulated G e n e  

Expression Through STAT Proteins 
Michael David, Emanuel Petricoin Ill, Christopher Benjamin, 

Richard Pine, Michael J. Weber, Andrew C. Larner* 

Activation of early response genes by interferons (IFNs) requires tyrosine phosphorylation 
of STAT (signal transducers and activators of transcription) proteins. It was found that the 
serine-threonine kinase mitogen-activated protein kinase (MAPK) [specifically, the 42- 
kilodalton MAPK or extracellular signal-regulated kinase 2 (ERK2)l interacted with the CY 

subunit of IFN-crlp receptor in vitro and in vivo. Treatment of cells with IFN-P induced 
tyrosine phosphorylation and activation of MAPK and caused MAPK and Sta t la  to 
coimmunoprecipitate. Furthermore, expression of dominant negative MAPK inhibited 
IFN-@-induced transcription. Therefore, MAPK appears to regulate IFN-cr and IFN-P 
activation of early response genes by modifying the Jak-STAT signaling cascade. 

T h e  Janus fam11\; of tyroslne kiilases ( Jak l ,  
Jak?, Jak3, anLl Tvk2) are integral compo- 
nents of many cytokine-activated signaling 
cascailes that regulate tyrosine phospl~i~ryl- 
ation of the S T A T  proteins such that they 
can translocate to the  nncleus and l ~ i n d  
L)NA ( 1  . 2) .  These kinases ,issociate with 
one or more chains of a given cytokine 
receptor (2) .  Tyk?, J a k l ,  and the Src 11o- 
molog\; 2 (SH2) doma111 con ta in~ng  t\;- 
rosine phosphatazes P T P l C  and P T P l D  se- 
lecti\rely hind to a glutathione-S-tra~~sic'rase 
( G S T )  f ~ ~ s i o n  protein that cLinsists of the 

M David. E. ?e;rico,ti I A C Larrer D,,,~is~ono;C;?ok~ne 
E ~ o c g ~ ,  Center for B~clog~cs E ~ a l ~ a t c n  and Researe'-,, 
8800 Pockvle P~ke, Zethesda IL,lD 20892. USA 
C. E e n a r i ~ r ,  Elcger nccrpcrated Ca~mbrldqe, MA 
021 42, USA 

membrane-prosillla1 jL? amino acids o t  the 
cr subunit of the IFK-cr/p receptor (3-5). 
\X7e i n c ~ ~ b a t e d  this Im-a/P receptor-GST 
fusion protein coupled to agarose beads 
\vith extracts from cells either treated with 
IFK-B or left untreatecl. T h e  hountl  rotei ins 
n-ere resolvetl 1.y SDS-polyacrylam~de gel 
electrophoresis (SDS-PAGE), transferred 
to a n  Immohilon meml~rane, and probed 
~vit-h antiboJies to phospl~ot~rosine .  A 1.2- 
1tD t y r o s i ~ ~ e - ~ ~ h o s p l ~ ~ > r y l a t d  protein was de- 
tected in extracts prepared from I b - - P -  
treatetl cells (Fig. 1 A ) .  T h e  membrane was 
renrohed w ~ t h  a monoclonal antihoilr that 
recognlres all known species of LIAPK ( F g .  
1A). LIAPK fro111 estracts of both untreat- 
ed and IFN-P-treated cells bound to the 
GST fi1sio1-1 protein of the  IFF-a /P  recell- 
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fi~sion proteins were constri~ctecl that con- 
tained the entire 117C amino aciiis of the 
cytol~lasinic dotnain a suhnnit of the IFN- 

receptor, the membrane-proxlmal or 
membrane-Llistal 517 amino acids of the re- 
ceptor, or GST alone (Fig. 1B). A l t h o ~ ~ g l l  
Tvk2 hoilnd to l>oth a GST fusion  rotein in 
containing either the  entire cytoplasmic 
doiiialn of the  receptor or the  meinhrane- 
~?roximal SL? ainlno acids, the 42-kD hIAPK 
interacteil only a.ith the construct contain- 
i ~ l g  the  membrane-proxiiml iL? anlino ac- 
ids. T h e  interactloll of h,IAPK 1~1th the 
5L?-arnmo acld membrane-prosi~nal region. 
hut not the eiltlre cytol?lasmic domain, may 
indicate that the MAPK hindlng site is not 
exposed in the full-length ti~sion protein. 
T h e  association of hlAPK \vith the a suh- 
imit of the IFN-a/@ receptor 111 \ri\,o was 
indel~enclently confirmed 1.y Immunol?re- 

, . 
clpltating the receptor from U?hh cells that 
were either left rmtreatecl or treated with 
I b - - P  for varions amounts of time. Immu- 
nc~prec~pitated proteins werc resolvetl by 
SDS-PAGE, transferred to Immohilon, and 
probed for the presence of hlAPK (Flg. 1C) .  
T h e  42-kD h,IAPK coimmunol?recipitated 
nit11 the IFN-a/P receptor. Although there 
was c o n s t ~ t ~ ~ t i v e  association of h,IAPK niith 
the receptor, a more slo~irly migrattng form 
of hlAPK (AlAPK-P), that may represent 
phosphorylated LIAPK, nTas ~letected 5 to 19 
mln after incubation of cells xvith IFN-B. 

To directly determine n~hethcr activity of 
hlAPK I?ound to the IFN-all3 receptor-GST 
fusion protein was enhanced as a result of 
IFK-P treatmeilt of cells, \Ire assayeJ hlAPK 
activit\- l?); adding myelln hasic protein 
(h'lBP) 'mil [y-''P]ATP (adenosine triphos- 

R Pne P ~ b l c  Heath Researe'-1 nsttbte. 655 Frst Ave- tor. T h e  42-kD protein also reacted with a phate) to G S T  f ~ ~ s i o n  protein beads that had 
nue. Nev) York. NY 1001 6. USA. 

J, ,?L'eber Deparimeri or ,~Alercblc,ogy ard m ~ ~ n o c l ( ~ n a l  antihod!; speclflc for the  42-ltD heen incul~ate~l 1~1th extracts prepared from 
Cetnter IJr~vers~ty of ii~rginia ~ c t ~ c o  of ~ ~ l e c i ~ c ~ r e  Char- form of hlAPK (ERK?) (6) .  either nntreateLl or IF?-P-treated cells (Fig. 
o t t e m ~ e ,  VA 22905, ,SA. T o  deterlni~le \\il~ether k1APK hinding 2A). The  amonnt of "P incorl?orated into 
-To vihorn ccrres~oncience should be adci*esseci \\.as hpecific for the  IFK-a/P receptor, G S T  h'lBP was alwut five times higher 11-hen cells 
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were treated with IFN-P. There was no en- 
hanced incorporation into MBP when agarose 
beads with GST alone were incubated with 
MBP and [y-32P]ATP. The same membrane 
was probed with antibodies to MAPK to en- 
sure that equal amounts of MAPK were bound 
to the fusion proteins incubated in extracts 
prepared from untreated or IFN-P-treated 
cells (Fig. 2A). In-gel MBP kinase assays were 
also done (Fig. 2B) (7). Cells were left un- 
treated or treated with IFN-P, and then either 
(i) the 42-kD MAPK was directly immuno- 
precipitated, (ii) the MAPK bound to the 
GST fusion protein of the IFN-a/P receptor 
was eluted and then immunoprecipitated with 
antiserum specific for 42-kD MAPK, or (ii i) 

the proteins bound to the GST fusion protein 
were assayed without immunoprecipitation. 
IFN-P treatment of U266 cells increased the 
activity of the 42-kD MAPK as measured by 
all three procedures. 

Examination of the protein sequences of 
the cloned STATs revealed that Statl, 
Stat3, and Stat4 contain a single, highly 
conserved MAPK phosphorylation site 
(PX,S/TP; P, proline; SIT, serine or threo- 
nine; X, any amino acid; and n = 1 or 2) in 
the COOH- terminus of the proteins. For 
Stat la the serine i s  located at amino acid 
727. T o  determine whether the 42-kD 
MAPK and Stat la associate as a result of 
IFN treatment of cells, antiserum specific 

Fig. 1. Interaction of proteins with the cyto- Anti- Anti- 
plasmic domain of the a subunit of the IFN- A -- PY MAPK B Ant~-Tyk2 

a/p receptor. U266 cells (1 x lo6 to 2 x 465 465 GST nR 511 465 -- ---- 
c I_ 1 1 1  1 

1 O6 cells per sample) were incubated for 10 $ 2  $ 2  e 2 $ 2 $ 2 $ Z  
min at 37°C with or without (CTL) recombi- 0 %  o k  o l i o L L o L L v L L  
nant human IFN-p (lo3 units/ml), and cell 
extracts were prepared as described (13). ~ , ~ k a +  
(A) GST fusion proteins containing the 
membrane-proximal 50 amino acids of the - 
cytoplasmic tail (465) of the IFN-dp recep- rrW -- 
tor (4) bound to agarose beads were incu- 
bated with the cell extracts at 4OC for 2 to 12 MAPK - 0 

hours, sedimented at 15,000g for 2 min, - 
and washed three times with ice-cold lysis 0 

1 2  3 4  - 
buffer (1 ml). Proteins were separated by 
SDS-PAGE (4 to 16% gels) and transferred 
to lmmobilon (Millipore). The membranes 
were then incubated with monoclonal anti- 

1 2 3 4 5 6 7 8  

bodies (mAbs) to phosphotyrosine (PY20; C Anti-IFN-a PR 
ICN, Irvine, CA) (anti-PY) (lanes 1 and 2), 
MAPK (lanes 3 and 4, and (B), lower panel], $ 

IFN-P 

or Tyk2 [(B), upper panel)]. Antibodies were o 2 5 10 T~me (mln) 
detected by enhanced chemilumines- 
cence. All mAbs except PY20 were ob- 
tained from Transduction Laboratories. (B) 

sz ;;;;-p 

Either GST alone (lanes 1 and 2) or GST - 
fusion proteins containing the entire coding ' 2 3 4  

region of the cytoplasmic domain of the a subunit of the IFN-dp receptor (aR) (lanes 3 and 4), the 
COOH-terminal 50 amino acids (51 1) (lanes 5 and 6), or the membrane-proximal 50 amino acids of the 
cytoplasmic tail (465) (lanes 7 and 8) were bound to the beads. Expression of the fusion proteins has been 
described (4). (C) U266 cells were incubated without IFN-p (CTL) or with IFN-p (lo3 units/ml) for 2,5, or 10 
min. Cellular extracts were prepared (15), and proteins were immunoprecipitated with mAbs to the extra- 
cellular domain of the IFN-dp receptor (IFN-dpR) (14). The immunoprecipitates were resolved by SDS- 
PAGE, and the proteins transferred to lmmobilon and probed with mAb to MAPK. MAPK-P, aform of MAPK 
which may be phosphorylated. 

Fig. 2. Increased activity of MAPK in U266 cells treated with A B &&Q a6%Q * 
IFN-p. (A) Activation of MAPK bound to the IFN-dp receptor- GST 465 .(e- a6 -- --- 
GST fusion protein. Cellular extracts were prepared (13) from I Z ~ I _ C -  

U266 cells either untreated (CTL) or treated with IFN-p as < z  $ 2  e Z $ z $ 2  
OLL. OIL O i L O l i O i i  

described in Fig. 1. Extracts were then incubated with GST 
fusion proteins bound to agarose beads. The beads were 0 - 
washed and then incubated at 30°C for 20 min with MBP (20 3 4  5 6  
kg) in a buffer (16). SDS sample buffer was added to terminate 
the reaction. The proteins were separated by SDS-PAGE, 
transferred to Immobilon, and autoradiography performed 
(top panel). The lmmobilon was then probed with mAb to 
MAPK (bottom panel). (B) In-gel MBP kinase assay. U266 cells 

1 2  3 4  
were treated with IFN-p or left untreated (CTL) and cellular 
extracts prepared as described (Fig. 1A). MAPK (42-kD) was either directly immunoprecipitated (TRI 0) (lanes 
1 and 2), bound to GST fusion protein (465) and then immunoprecipitated with antiserum to MAPK (TRIO) 
(lanes 3 and 4), or the material bound to the beads was assayed directly (lanes 5 and 6). All samples were 
resolved by SDS-PAGE on gels polymerized with MBP (0.4 mg/ml). Assays done as described (7). 

for the 42-kD form of MAPK (8) was added 
to extracts prepared from either untreated 
or IFN-P-treated cells. Immunoprecipitated 
proteins were resolved by SDS-PAGE, 
transferred to Immobilon, and probed wi th 
either an antibody to Statl  or a monoclonal 
antibody to MAPK (Fig. 3A). Treatment of 
cells wi th IFN-P for various amounts of 
time revealed a time-dependent association 
of S ta t la  with MAPK. In an analogous 
manner, lysates from IFN-P-treated cells 
were subjected to immunoprecipitation 
wi th Sta t la  antiserum; immunoblots 
showed a ligand-dependent association of 
MAPK with Sta t la  (Fig. 3B). 

The fact that an association between 
MAPK and Stat la was detected suggested 
that the MAPK pathway and the Jak-STAT 
pathway may be linked, so we next exam- 
ined the role of MAPK in IFN activation of 
early response genes that require activation 
of the Jak-STAT pathway. We used tran- 
sient transfection assays to determine wheth- 
er expression of dominant negative 42-kD 
MAPK affected IFN-P activation of a lucif- 
erase reporter containing the interferon- 
stimulated response element (ISRE) (9). 
These experiments were done with primary 
human fibroblasts because U266 cells could 
not be efficiently transfected and MAPK 
also associated with the GST fusion protein 
in primary fibroblasts (6). Fibroblasts were 
either transfected with the luciferase con- 
struct alone or with plasmids encoding either 
wild-type MAPK or MAPK in which the 
threonine and tyrosine residues that are re- 

IP: Anti-MAPK 
Blot: Anti-Stat1 

IFN-f3 A- 

2 5 10 Time 

B 
IP: Statl 

Blot: A~~~-MTK - - - 
$ 2 
0 LL 

Blot: Anti-MAPK 

-'+MAPK 

Fig. 3. Association of MAPK with Statl a. (A) Co- 
immunoprecipitation of Statl a with antiserum to 
42-kD MAPK. Extracts from either untreated cells 
(CTL) (lanel) or cells incubated with IFN-p for 2,5, 
or 10 min were prepared and incubated with an- 
tiserum specific to MAPK (TRIO) (8). Immunopre- 
cipitates (IP) were resolved by SDS-PAGE and 
transferred to Immobilon. The membranes were 
probed for the presence of Statl a (upper panel) or 
MAPK (lower panel) as described. (B) Statla an- 
tiserum coimmunoprecipitates MAPK. The same 
experiment as in (A) was done except that cells 
were incubated with IFN-p for 5 min, and the cel- 
lular extracts were immunoprecipitated with anti- 
serum to Statla. The resulting blot was then 
probed for the presence of MAPK. An equal 
amount of Statla was present in both samples 
(6). IgGhc, immunoglobulin G heavy chain; IgGlc, 
IgG light chain. 
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GAL WT TEYE TAYF ̂  GAL WT TEYE TAYF| 

175-ng plasmid 400-ng plasmid 

Fig. 4. Inhibition of IFN-p-stimulated transcription of an 
ISRE reporter plasmid in cells expressing dominant neg­
ative 42-kD MAPK. Primary human fibroblasts were 
transfected as described (17) with an ISRE derived from 
the IFN-stimulated responsive gene ISG15 linked 5' to a 
thymidine kinase minimal promoter-luciferase reporter 
(9). In addition to the reporter construct, plasmids con­
taining complementary DNAs (cDNAs) corresponding to 
either wild-type MAPK {WT) or MAPK in which Thr183 and 
Tyr185 were replaced with either glutamic acid (TEYE) or alanine and phenylalanine (TAYF). These plasmids 
all contained a cytomegalovirus (CMV) promoter. To normalize for DNA in the transfection, a CMV-driven 
p-galactosidase cDNA (GAL) was included when the MAPK kinase plasmids were not present. The 
plasmids were used at either 175 ng/ml or 400 ng/ml in the transfection. Twenty hours after transfection, 
IFN-p (103 units/ml) was added to the cells for 6 hours before preparation of cell lysates and assay of 
luciferase activity. The amount of luciferase activity in the cells transfected with p-galactosidase and treated 
with IFN-p (which was consistently five- to sixfold that of untreated cells) was normalized to 100%. The 
reporter construct without the ISRE showed no increased luciferase activity in the presence of IFN-p. The 
standard deviations for these experiments are denoted by error bars. 

quired to be phosphorylated for activity were 
replaced with either glutamic acid (TEYE) 
or alanine and phenylalanine (TAYF), ren­
dering the proteins inactive (8). After trans­
fection fibroblasts were incubated with or 
without IFN-P, the cells lysed, and luciferase 
activity assayed. Consistently, IFN-P stimu­
lated a five- to sixfold increase in the lucif­
erase activity in cells transfected with the 
ISRE containing the luciferase reporter. Co-
transfection of wild-type MAPK with the 
reporter had little if any effect on IFN-(3-
stimulated luciferase activity, whereas the 
mutant MAPK constructs showed a dose-
dependent inhibition of IFN-|3-stimulated 
luciferase activity (Fig. 4). Thus, it appears 
that MAPK participates in the mechanism 
by which IFN-(3 stimulates early response 
genes that require activation of the STAT 
transcription factors. 

Interleukin 6 induces serine phosphoryla­
tion of Stat3, which is required for binding of 
Stat3 homodimers to DNA (10). Although 
we have not observed a requirement of 
serine phosphorylation for ISRE binding of 
Statla, treatment of U266 cells with IFN-P 
does stimulate serine phosphorylation of the 
protein (11). The serine-threonine kinase 
inhibitor H7 can selectively inhibit IFN-a 
activation of ISRE-dependent genes without 
affecting Statl and Stat2 binding to the 
ISRE (6, 12). These data, together with 
those of Zhang et al. (10), would suggest that 
IFN-a- or IFN-P-stimulated phosphoryla­
tion of both serine and tyrosine on Statla is 
required for transactivation. 

It remains to be established whether ac­
tivation of MAPK is required to stimulate 
tyrosine phosphorylation of Statl and Stat2 
by IFN-a and IFN-p. Our results indicate 
that one target of MAPK is a conserved 
phosphorylation site in the COOH termi­
nus of Statla, and possibly Stat3 and Stat4. 
Mapping of the interaction sites between 
the 42-kD MAPK and the STAT proteins 
will elucidate the role of MAPK in tran­
scriptional activation of STAT-responsive 
genes. 

Note added in proof: Recently, Wen et al. 
(18) reported that Ser /2 ' in Statl is phos­
phorylated. Maximal transcriptional activa­
tion by IFN-7 requires that this serine be 
present in Statl. 
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Imaging Elementary Events of Calcium 
Release in Skeletal Muscle Cells 

Alexander Tsugorka,* Eduardo Rios,f Lothar A. Blatter 

In skeletal muscle cells, calcium release to trigger contraction occurs at triads, specialized 
junctions where sarcoplasmic reticulum channels are opened by voltage sensors in the 
transverse tubule. Scanning confocal microscopy was used in cells under voltage clamp 
to measure the concentration of intracellular calcium, [Ca2+]j, at individual triads and 
[Ca2+], gradients that were proportional to calcium release. In cells stimulated with small 
depolarizations, the [Ca2+]j gradients broke down into elementary events, corresponding 
to single-channel currents of about 0.1 picoampere. Because these events were one-tenth 
to one-fifth the size of calcium sparks (elementary release events of cardiac muscle), 
skeletal muscle control mechanisms appear to be fundamentally different. 

Tor muscles to contract, Ca2 + must be 
released from the sarcoplasmic reticulum 
(SR) rapidly and massively, through chan­
nels of the ryanodine receptor family (I) 
present also in neurons (2), endothelial (3), 
and other cells (4). In cardiac muscle, Ca2 + 

release is determined by the membrane po­
tential-dependent entry of Ca^+ (5), 
whereas in skeletal muscle release is con-
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tTo whom correspondence should be addressed. 

trolled by membrane potential without 
Ca2 + entry (6, 7). In confocal images of 
Ca2 + from voltage-stimulated skeletal mus­
cle fibers, we found elementary events of 
release apparently derived from the opening 
of single SR channels. 

We adapted the single muscle fiber volt­
age clamp (8, 9) to work synchronously 
with a laser scanning confocal microscope. 
In a cell at rest (—90 mV) containing the 
Ca2 + indicator fluo 3, the banded pattern of 
fluorescence indicated greater access or 
binding of fluo 3 to specific regions of the 
sarcomere (Fig. 1A). Fluorescence along a 
line was scanned every 1.39 ms and succes­
sive scans plotted in a line scan image (Fig. 
IB). The periodic dye distribution resulted 
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