
Energy (meV) 

Fig. 3. Generalzed densty of states G!q o) n the 
limit q + 0 for longitudinal and transverse excta- 
tions (solid lines). The LO and TO infrared absorp- 
tion spectra (dashed lines) from (3) are sho~vn for a 
cjual~tative comparison (in arbitrary units and on a 
semilogarithmic scale to enhance the structure in 
the shoulders) 

lnoiies anii orthogonal to the iilrec- 
tion o iq ,  a longltudmal and a transverse llmit, 
respectlr~ely, were obtained (Fig. I ) .  The  ap- 
pearance of a well-defineii spllttlng related to 
a LO-TO etfect is n o ~ v  apparent. A qualitntive 
comparison 1~1th the infrared ahsorption spec- 
tra measureii hy Kirk (3) sho~vs good agree- 
ment: The positlon ot  the peaks as well as tlie 
structure in the \vines are verr sllnllar in the 
theoretical and experunental spectra. Note, in 
particular, that the peak in the calculated 
longitudmal spectrum appears at higher fre- 
quencies than does the upper peak in the total 
density of states, in agreement n l th  the posi- 
tion ot  tlie LO peak in infrared (3)  and hyper- 
Rainan ( 2 6 )  spectra as colnpareil n i th  tlie 
position of the  upper peak in neutron 
spectra (1 ) .  T h e  structure of the peaks call 
he further analyred hv conslderillg the same 
long ~vavelength lilnit for the X, and T, 
projected modes. Thls reveals that tlie 
transverse spectrum originates alinost e s -  
clusivel\- from TI modes, ~vitl i  a vanishingly 
small contribution trom A,  modes. O n  tlie 
other hand, both modes contrlhute to the  
longitudinal spectrum: tlie A,  mode con- 
tributes only to the principal peak, whereas 
the T, Inode contributes hot11 to the  
p r lnc l~a l  peak and to the nulg  at lone1 
freiiuencle~ 

Thls first-principles study of the  vihra- 
tional properties of a-SiO, provides a com- 
prehensive ~ ~ n d e r s t a n d i n ~  of the  orlgin of 
the  hlgh-frequency doublet appearing 111 

inelastic neutron scattering and its rela- 
t ion with infrared measurements. LY7e ex- 
pect that  such detalled studies xi11 p1.1; I a n  
~ m p o r t a n t  role in the  assignment of other 
unldentifiecl features in the  vlbratlonal 
spectra of amorphous systems. 
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Signaling by Phosphoinositide-3,4,5- 
Trisphosphate Through Proteins Containing 

Pleckstrin and SecS Homology Domains 
Jes K. Klarlund, Adilson Guilherme, John J. Holik, 

Joseph V. Virbasius, Anil Chawla, Michael P. Czech* 

Signal transmission by many cell surface receptors results in the activation of phos- 
phoinositide (PI) 3-kinases that phosphorylate the 3' position of polyphosphoinositides. 
From a screen for mouse proteins that bind phosphoinositides, the protein GRPl 
was identified. GRPI binds phosphatidylinositol-3,4,5-trisphosphate [Ptdlns(3,4,5)P3] 
through a pleckstrin homology (PH) domain and displays a region of tiigh sequence 
similarity to the yeast Sec7 protein. The PH domain of the closely related protein 
cytohesin-1, which, through its Sec7 homology domain, regulates integrin 02 and 
catalyzes guanine nucleotide exchange of the small guanine nucleotide-binding pro- 
tein ARFI, was also found to specifically bind Ptdlns(3,4,5)P,. GRPl and cytohesin-1 
appear to connect receptor-activated PI 3-kinase signaling-pathways with proteins 
that mediate biological responses such as cell adhesion and membrane trafficking. 

Cellular 3-~~hospho~nositiiies are generateil 
through the actions of a family ot  PI 3-liinasej 
anii appear to have regulatory roles in multi- 
ple cell f~~nct ions .  In \-east the VpsI4 gene 
product, a PI 3-klnaje n-ith substrate specitic- 
~ t y  restricted to phosphatidylinos~tol (PtciIns), 
is required for correct sorting of carboxypep- 
tidase 1- to the vacuole (1).  In ma~nmalian 
cells three classes of PI I-k~nases have heen 

Prosran- I? >Aoeci~Iar >~Iec ic re  ard  De~a. i :~ent  of B o -  
cl ienstry arid >~loIecular 61ology, Ur?iversty ot Massa- 
chusetts Medlca Center, 373 Pantato,i Street, Worces 
ter MA 9; 635 USA 

'To whov  co r res~onden~e  sholrd be accressed 

identified in additlon to a \'ps34 homolog 
( 2 ) .  These inclu~le 111 1Q isoforms regulated by 
p8i  subunits contauiing SRC homology 7 
(SH2) do~nnins (S) ,  a p l l Q y  PI 3-liinase reg- 
ulated hy hererotrilneric guanme nucleotide- 
hlnciillg proteins (4), and a PI 3-kinase con- 
tailline a homology doinam (C2 domain) 
thought to bind meml~rc~ne llpi~is (5). The 
p8 i -p l l9  and p1 1Qy type PI I-k~nases that 
are spec~flcally activated by receptor slgnallng 
systems exhibit hroad juhstrate specificities, 
ancl their a ~ t i v ~ ~ t i o n  leads to rapd phospho- 
rylation ot  the inosltol D-3 positions on Ptd- 
Ins, PtdIns-4-phosphate IPtdIns(4)P], an~1  
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PtdIns-4,5-bisphosphate [PtdIns(4,5)P2] (6). 
Signaling by these 3-polyphosphoinositides 
appears to regulate such diverse cellular 
responses as membrane ruffling (7), chemo- 
taxis (8), secretory responses (9), insulin- 
mediated membrane translocation of glu- 
cose transDorters (1 0). membrane traffick- 

bind certain SH2 domains, including those 
within the p85 regulatory subunit of pllO 
PI 3-kinase (1 6). Thus, the phosphoinosi- 
tides may serve as membrane localization 
elements that recruit target proteins to spe- 
cific cellular organelles (1 7). 

To identify general receptors for phospho- 
inositides (GRPs), we developed an expres- 
sion library screening procedure using bovine 
brain phospholipids labeled with [y-32P]aden- 
osine triphosphate (ATP) in the presence of 
the glutathione-S-transferase (GST) fusion 
protein GST-pllO PI 3-kinase (18). High- 
performance liquid chromatography (HPLC) 
analysis of the reaction products confirmed 
the presence of 32P-labeled PtdIns(3)P, 
PtdIns(3,4)P2, and PtdIns(3,4,5)P3 in this 
probe mixture. We screened mouse 3T3- 
F442A adipocyte and brain cDNA expression 

libraries with the labeled brain phospho- 
inositides (Fig. 1). A single clone from each 
cDNA library screen reproducibly bound the 
32P label from the probe mixture upon sub- 
cloning and plaque purification (Fig. 1A). 
The proteins encoded by both brain and adi- 
pocyte cDNA clones bound [32P]Ptd- 
Ins(3,4,5)P3 but not [32P]PtdIns(3,4)P2 or 
[32P]PtdIns(3)P under the experimental con- 
ditions of the library screening procedure (Fig. 
1B). 

Both the brain and adipocyte cDNA 
clones encoded amino acid sequences of the 
same protein, GRP1. Standard hybridization 
techniques were used to obtain additional 
cDNA clones of this species that encode four 
more amino acids including a putative NH2- 
terminal methionine, and a full-length se- 
quence was deduced (Fig. 2). Database search- 
es showed GRPl to be highly similar to a 
protein encoded by the human cDNA B2-1, 
originally cloned from cytolytic natural killer 
T lymphocytes (19). Both GRPl and the 
B2-1 protein contain PH domains (20) and 
Sec7 homology regions (21, 22) (Fig. 2A). 
The B2-1-encoded protein has been called 

. ,, 

ing of growth factor receptors (1 l ) ,  and 
reeulated cell adhesion (1 2). 
u . , 

Several protein targets of 3-phosphoi- 
nositides have been identified. These in- 
clude certain protein kinase C isoforms (1 3) 
and the pleckstrin homology (PH) domain- 
containing protein kinases c-Akt and Btk 
(1 4). A series of sequentially activated pro- 
tein kinases stimulated in response to 
3-phosphoinositides causes activation of 
the p70 ribosomal protein S6 kinase (15). 
Additionally, 3-phosphoinositides appear to 

Fig. 1. Expression cloning of GRPl cDNA. (A) 
Autoradiographs of nitrocellulose filters at different 
stages of purification of the cDNA clone identified 
in a mouse 3T3-F442A adipocyte cDNA expres- 
sion library. Filters were incubated with mixed 
brain phosphoinositides labeled at the 3' position 
with p110 PI 3-kinase and [y-32P]ATP, and then 
washed. The primary screen was performed in 
15-cm dishes and subsequent screens in 1 0-cm 
dishes. (B) Binding specificity of the isolated cDNA 
clone. About 1000 pfu of the cDNA library (Con.) 
or the isolated cDNA clone (GRPI) were spotted 
on plates containing a layer of Escherichia coli and 
incubated with nitrocellulose filters as described. 
The filters were incubated with 0.5 x lo6 cpm of 
either [32P]Ptdlns(3)P, r2P]Ptdlns(3,4)P2, or 
[32P]Ptdlns(3,4,5)P3 (Ptdlns is abbreviated in la- 
bels as PI in all relevant figures), processed as 
described (18), and subjected to autoradiography 
and densitometry. The values are the means of 
four experiments, and the error bars represent the 
with a mouse brain cDNA expression library. 

Primary Secondary Tertiary 

Con. + + 
c t t  \ b b 0 0 

/t *+. 
B @> + 

GRP1 - + + 
[32P]Pl(3)P [='P1P1(3,4)P2 [32~lP1(3.4,5)P3 

standard deviations. Similar results were obtained 

Fig. 2. Structure of GRP1. (A) Overall structure of 
GRPl and cytohesin-1 (Ch-1). (B) Comparison of 
the deduced sequences of GRP1, B2-l/cytohe- 
sin-1 , and EST 01 394. The region corresponding 
to the Sec7 domain is boxed with a solid line, and 
the region corresponding to the PH domain is 
boxed with a dashed 
line. Sequence similarity B 

GST + + + 
GST-PH + + + --- 

Pl(3)P P1(3,4)P2 P1(3,4,5)P3 

between GRPl and cy- 
tohesin-1 is 88%, and 
that between the Sec7 
and PH domains of 
these two proteins is 
93% and 94% respec- 
tively. Single-letter ab- 
breviations for the amino 
acid residues are as fol- 
lows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, 
Gly; H,  His; I ,  Ile; K, Lys; 
L, Leu; M ,  Met; N, Asn; 
P, Pro; Q, Gln; R,  Arg; S, 
Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

GRPl 
ESP01394 
82-1ICh-1 

GRPl 
EST01394 
82-11Ch-1 

GRPl 
82-1ICh-1 

Fig. 3. Localization of Ptdlns(3,4,5)P3 binding to 
the PH domain of GRP1. (A) Identification of the 
binding domain for Ptdlns(3,4,5)P3 in GRP1. Pro- 
teins (150 pmol) were spotted on nitrocellulose 
filters and incubated with [32P]Ptdlns(3,4,5)P3 
and the amount of bound lipid was determined as 
described (24). GST-N contains residues 5 to 71 
of GRPl . The values are the means of quadrupli- 
cate determinations, and the error bars are the 
standard deviations. (B) Binding specificity of the 
PH domain of GRPl. Nitrocellulose filters with 
GST-PH were incubated with 25,000 cpm of each 
of the phospholipids, and the amount of bound 
lipid determined as described (24). The values are 
the means of quadruplicate determinations and 
the error bars are the standard deviations. 

GRPl 
82-1ICh-1 

GRPl 
82-1ICh-1 

GRPl 
82-1101-1 

1928 SCIENCE VOL. 275 28 MARCH 1997 http://www.sciencemag.org 



cytohesin-1 on the basis of its binding to the 
integrin P2 cytoplasmic domain through this 
Sec7 homology region (23), and the Sec7 
domain of an isoform denoted ARNO (for 
ARF nucleotide binding site opener) has nu- 
cleotide exchange activity for the small gua- 
nine nucleotidebinding protein adenosine 
diphosphateribosylation factor 1 (ARFl) 
(23). A partial sequence of another probable 
isoform (Ctsl8) has been reported (22). The 
divergent amino acid sequences between 
GRP1, ARNO, cytohesin-1, and Ctsl8 ap- 
pear not to result from species variation be- 
cause a human expressed sequence tag (EST) 
found in the Institute for Genomic Research 
database shows a predicted amino acid se- 
quence identical to that of mouse GRPl be- 
tween residues 34 and 120 (Fig. 2B). The 
sequence of the human EST differs from those 
of ARNO, cytohesin-1, and Ctsl8. Because 
there are additional EST sequences in the 
database, it is likely that more human isoforms 
of these proteins exist. 

To determine whether PtdIns(3,4,5)P3 
binding could be localized to specific sequenc- 
es within the GRPl structure, we expressed 
GST fusion proteins containing either resi- 
dues 239 to 399 (PH domain), residues 52 to 
260 (Sec7 domain), residues 5 to 71, or resi- 
dues 5 to 399 of GRPl in bacteria and purified 
them on glutathione-conjugated beads (Fig. 

3A). The nearly full-length GRPl or its PH 
domain bound [32P]PtdIns(3,4,5)P3 (24), 
whereas the fusion proteins containing the 
Sec7 homology region or residues 5 to 71 did 
not (Fig. 3A). The GRPl PH domain associ- 
ated with [32P]PtdIns(3,4,5)P3 specifically and 
failed to bind [32P]PtdIns(3,4)P2 or [32P] 
PtdIns(3)P (Fig. 3B). PH domains from PLG 
6 (25) and various other proteins (26) bind 
PtdIns(4 J)P2, but do not preferentially asso- 
ciate with a 3-phosphoinositide. In our 
[32P]polyphosphoinositide binding assay, 
binding of [32P]PtdIns(3,4,5)P3 to GST fusion 
proteins containing the PH domains of the 
Son of Sevenless (SOS) protein and insulin 
receptor substrate (1RS)-1 was negligible (Fig. 
4B). 

The specificity of the GRPl PH domain 
for binding [32P]PtdIns(3,4,5)P3 was also ex- 
amined with respect to competition by the 
inositol phosphate head groups of the phos- 
phoinositides. Unlabeled inositol-1,3,4,5-tet- 
raphosphate [Ins(1,3,4,5)P4] (100 pM) com- 
pletely inhibited [32P]PtdIns(3,4,5)P3 binding 
to GST-pH(GRPI ), whereas Ins(1 ,4,5)P3, 
Ins(1,3,4,6)P4, and Ins(1,2,5,6)P4 had little or 
no effect at the same concentration (Fig. 4B) 
even though the latter two carry the same 
charge as the inhibitor Ins(1,3,4,5)P4. The 
concentration of Ins(1,3,4,5)P4 that inhibited 
binding of [32P]PtdIns(3,4,5)P, half maximal- 

.. 
T?? 0.41 2:6 16 100 / / / / / ,  / 

lns(1 ,3,4,5)p4 (PM) . . % % % % % .  3 r, -.. -p -?\ -3p 
Fig. 4. Effect on binding of r2P]- '3, .p -$ -+ % 4  s,% -.. 
Ptdlns(3,4,5)Pa to GST-PH by inosi- - 2 , o  o 4 

P  P P  P  

to1 polyphosp~ates. (A) r2~]btdlns- 
(3,4,5) Pa (25,000 cpm) was incu- 
bated w k  various concentrations of Ly;lm-l zzE DNCLYYFE YTTDKEPRGI 

lns(1 ,3,4,5)P4, and bound radioac- - OQCCNEFIXE 
b Y Y F E  YTTDKEPRGI 

ELM---- -1CCKSNHGQ 
tivity was determined and expressed TRS-1 TDOFSDVRKV SE---- -AGGPARLN 

as the percent of that bound in the 
IPLENLSIRP. VEDPRKPNCF ELYNPSHKDQ VIKACKTEAD GRVVEGNWV 

Of The values ;;1hCh-l IPLmLSIRP. VEDSmPNCF ELYIPD- V I m K T -  GRWEGNHTV 
are means of quadruplicate mea- =-I PRLPOASSAE YRLKEKF--F MRKVQINDKD DTSCYI(IIAFE IILKDGNNI 

surements, and the error bars are m - 1  YENEKKWRHK SSAPKRS--1 PLESCFNINK RADSKNlMLV ALYTRDEHFA 

standard deviations. (B) Specificity 
of r2P]Ptdlns(3,4,5)P, binding to the ~ ~ ~ , m - l  

PH domains of GRPl and cytohe- $1: QALLQ LHNRAKA sin-1 (Ch-1). The bindina to GSTfu- . . 
sion proteins containing-amino acids 462 to 569 of murine SOS or amino acid 13 to 1 15 of murine IRS-1 
was assayed with 150 pmol of protein bound to the filters. Competition of binding to 7.5 pmol of GST-PH 
fusion proteins was measured in the presence of 100 pM of the competitors. The values were calculated 
as in (A) and are means of quadruplicate measurements and the error bars represent standard deviations. 
(C) Comparison of the amino acid sequences of the PH domains of murine GRP1, B2-lkytohesin-1, 
SOS-1, and IRS-1. The basic motifs in the NH2-terminal parts of the GRPl and B2-l/cytohesin-1 
molecules are outlined with heavy boxes and with asterisks. Light boxes delineate amino acid identities 
among the PH domains. 

ly was about 3 to 8 pM (Fig. 4A). Taken 
together, the data in Figs. 3 and 4 indicate 
extraordinary specificity of the GRPl PH do- 
main for PtdIns(3,4,5)P3. A GST fusion pro- 
tein of the cytohesin-1 PH domain also bound 
[32P]PtdIns(3,4,5)P3 (Fig. 4B), but not r2P]- 
PtdIns3P or [32P]PtdIns(3,4)P, (27). Analysis 
of the NH2-terminal amino acid sequences of 
the GRPl and cytohesin-1 PH domains in 
comparison with those of the IRS-1 and SOS 
PH domains (Fig. 4C) shows an additional 
lysine at position 273 and a Lys282-Arg283- 
Arg284 motif in the NH2-terminal region, a 
region important for 4,5-polyphosphoinosi- 
tide binding in other PH domains (26). 

The selectivity of the GRPl and cytohe- 
sin-1 PH domains for binding PtdIns(3,4,5)- 
P3 indicates that the PH domain may func- 
tion in the recruitment of these proteins to 
sites of PtdIns(3,4,5)P3 synthesis in response 
to the action of receptor-regulated pll0-type 
PI 3-kinases. Such recruitment to specific cell 
membrane regions would define their sites of 
action mediated presumably through their 
Sec7 domains. One function of the cytohe- 
sin-1 Sec7 domain is enhancement of cellular 
adhesion through direct association with the 
cytoplasmic region of integrin P2 (22). Trans- 
fection of Jurkat cells with the B2-ltcytohe- 
sin-1 cDNA or cDNA encoding this Sec7 
homology domain alone enhanced their ad- 
hesion to ICAM-1, a ligand of integrins con- 
taining the P2 polypeptide. Our data thus 
suggest a molecular basis for regulation of 
integrin through PI 3-kinase (Fig. 5). 

Another reported function of the Sec7 
homology domain within cytohesin-1 and the 
similar protein ARNO is the catalysis of gua- 
nine nucleotide exchange on ARFl (23). 
Regulation of ARF proteins by a PI 3-kinase- 
mediated pathway has been previously sug- 
gested on the basis of morphological data 
(28). Our demonstration that the cytohesin-1 
PH domain is a target for PtdIns(3,4,5)P3 

Fig. 5. Model of the mechanism by which GRPl 
family proteins link receptor-activated PI 3-kinase 
signaling pathways to ARFl and integrin p2 re- 
sponses. Receptor tyrosine kinases (RTKs) recruit 
p85-pll0-type PI 3-kinases to tyrosine phos- 
phate sites, promoting the generation of 3,4,5- 
phosphoinositide, which binds the PH domain of 
GRPl or cytohesin-1 . Membrane-bound cytohe- 
sin-1 or GRPl may interact through their Sec7 
homology regions either with ARFl to cause gua- 
nine nucleotide exchange, or with integrin p2 to 
modulate cell adhesion. 
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(Fig. 4B) suggests a model in which receptor- 
activated PI 3-klnase generates PtdIns(3,4,5)- 
P3 to localize cytohesm-1, a - h ~ c h  in turn can 
regulate the guanlne nucleotide escha~lge ot 
ARFl (Fig. 5).  The  PH do~nalns of GRP1, 
cyto11es11-i-1, and ARNO eshihit 1-ery liigh 
sequence similarity. Thus, the PH ilornai~l ot 
ARNO may also b ~ n d  Ptdlns(3,4,5)P3. T h ~ s  
faluily of protems appears to mediate the reg- 
ulation ot proten1 sorting and membrane trat- 
fickillg hy Ptdins(3,4,5)P ,. 
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Nuclear Export of NF-ATc Enhanced by 
Glycogen Synthase Kinase-3 

Chan R. Beals, Colleen M. Sheridan, Christoph W. Turck, 
Phyllis Gardner, Gerald R. Crabtree 

The transcription factor NF-AT responds to Ca"-calcineurin signals by translocating to 
the nucleus, where it participates in the activation of early immune response genes. 
Calcineurin dephosphorylates conserved serine residues in the amino terminus of NF-AT, 
resulting in nuclear import. Purification of the NF-AT kinase revealed that it is composed 
of a priming kinase activity and glycogen synthase kinase-3 (GSK-3). GSK-3 phospho- 
rylates conserved serines necessary for nuclear export, promotes nuclear exit, and thereby 
opposes Gas-calcineurin signaling. Because GSK-3 responds to signals initiated by Wnt 
and other ligands, NF-AT family members could be effectors of these pathways. 

I n  lyrnphoid cells, s t im~~la t ion  of tlie C a 2 + -  of the  nuclear translocation of NF-ATc is 
calci1leuri11 signalillg path\\-a;- leads to  the  largely responsible for the  immunosuppres- 
nuclear translocation of tlie NF-ATc tamily sive actions of cyclosporin and tacrolimus 
ot  tra~lscription tactors ( I ,  2), which in turn (FK5L76) (4), nliich specifically inhihit cal- 
activate i lnll~une response genes such as cineurin (5). Calcineurin directly dephos- 
those encoding interleukin-?. (IL-2), IL-4, phorYlates NF-ATc o n  critical serines 
CD40 ligand, and Fas ligand (3) .  Inh lh~ t ion  present 111 all family meinbers, leading to 
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