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STAT3 as an Adapter to Couple
Phosphatidylinositol 3-Kinase to the IFNAR1
Chain of the Type | Interferon Receptor
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Aruna Murti, Wei Shi, Chuan He Yang*

STAT (signal transducers and activators of transcription) proteins undergo cytokine-
dependent phosphorylation on serine and tyrosine. STAT3, a transcription factor for
acute phase response genes, was found to act as an adapter molecule in signal trans-
duction from the type | interferon receptor. STAT3 bound to a conserved sequence in
the cytoplasmic tail of the IFNAR1 chain of the receptor and underwent interferon-
dependent tyrosine phosphorylation. The p85 regulatory subunit of phosphatidylinositol
3-kinase, which activates a series of serine kinases, bound to phosphorylated STAT3 and
subsequently underwent tyrosine phosphorylation. Thus, STAT3 acts as an adapter to
couple another signaling pathway to the interferon receptor.

Interferons (IFNs) are cytokines that block
the viral infection of cells, inhibit cell pro-
liferation, and modulate cell differentiation.
Type I IFNs (IFN-q, -B, and -») compete
with each other for binding to a common
cell surface receptor (IFN-R), distinct from
the receptor for type II IFN (IFN-y) (1).
The IFN-R is composed of IFNAR1 and
IFNAR2 chains (2—4). The IFNARI chain
undergoes rapid ligand-dependent tyrosine
phosphorylation and acts as a species-spe-
cific transducer for the actions of type I
IFN, which suggests that it has a central
role in signaling through the IFN-R (5-7).
IFNs cause transduction of a signal to the
nucleus that results in selective stimulation
of the IFN-stimulated genes (ISGs) (8—10).
Transcriptional activation of ISGs is medi-
ated by the protein tyrosine kinase-depen-
dent phosphorylation of the STAT latent
cytoplasmic transcriptional activators (11,
12). Upon tyrosine phosphorylation, IFN-
a—activated STATs (STAT1, STAT2, and
STAT3) form homo- and heterodimers.
Although tyrosine phosphorylation of
STATs and IFN-R are important early events
in IFN signaling, serine phosphorylation
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events are also necessary for the induction of
IFN action (13-16). Here, IFN-a induced the
rapid tyrosine phosphorylation of the regula-
tory 85-kD (p85) subunit of phosphatidylino-
sitol 3-kinase (PI 3-kinase), an upstream ele-
ment in a serine kinase transduction cascade
(17, 18). IFN-a—dependent recruitment of
p85 to the IFNARI chain of the IFN-R re-
quired the tyrosine phosphorylation of the
YSSQ and YSNE motifs that are present in
the conserved IRTAM (IFN receptor ty-
rosine activation motif) cytosolic sequence
KYSSQTSQDSGNYSNE in IFNART (19).
The IRTAM functions in the signaling
through the IFN-R by specifically acting as
a docking site for cytoplasmic proteins con-
taining the Src homology 2 (SH2) domain
(6, 20). Interaction of p85 with IFNARI
required STAT3 phosphorylation at Tyr6%°
[a YXXM motif (21), a known consensus
binding site for the SH2 domains of p85].
The IFNARI1 chain undergoes IFN-de-
pendent tyrosine phosphorylation, and sev-
eral tyrosine-phosphorylated proteins copre-
cipitate with the IFNAR1 chain (6, 22). To
determine whether p85 interacts with
IFNARI, we precipitated proteins from ly-
sates of control and IFN-treated Daudi cells
with an IFNAR1-specific antibody and ana-
lyzed them by blotting with antiserum to p85
(Fig. 1A). Although similar amounts of
IFNAR1 chain were immunoprecipitated
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from treated or untreated cells (23), only
precipitates from IFN-a—treated cells con-
tained p85. Maximal association was ob-
served at 5 min after IFN addition and de-
creased rapidly thereafter. IFNAR1 and
STAT3 also coprecipitated with p85 in ly-
sates from IFN-a—treated cells (Fig. 1B).

These results led us to investigate whether
the tyrosine-phosphorylated IFNARI chain
bound p85. The phosphorylation of conserved
motifs present in the IFNARI subunit may
create sites for high-affinity interactions with
cytoplasmic proteins containing SH2 and
phosphotyrosine binding (PTB) domains (17,
18, 24, 25). STAT3 directly binds to the ty-
rosine-phosphorylated IFNAR1 chain through
its SH2 domain (22); thus, the IFINARI chain
might also interact with the SH2 domains of
p85. We prepared glutathione-S-transferase
(GST) fusion proteins that encompassed the
NH,-terminal ~ (Np85), = COOH-terminal
(Cp85), or both SH2 domains of p85
(N+Cp85). Lysates from [FN-a~treated Daudi
cells were incubated with GST fusion proteins
bound to glutathione-agarose beads. The pre-
cipitated material was analyzed by blotting with
anti-IFNAR1. The fusion protein containing
both SH2 domains of p85 precipitated much
greater amounts than did fusion proteins con-
taining only one SH2 domain (Fig. 2). The
N+Cp85 fusion protein did not precipitate
IFNARI from lysates from control cells or
cells pretreated with the tyrosine kinase in-
hibitor genistein, which demonstrated that
tyrosine phosphorylation is required for inter-
action of IFNARI1 with p85 fusion proteins.
IFNARI1 did not interact with GST protein
alone (22). N+Cp85 also precipitated ty-
rosine-phosphorylated STAT3 from lysates
prepared from IFN-a—treated cells.

These results led us to determine whether
STAT3 or IFNARI could directly interact
with p85, as measured by direct blotting with
the N+Cp85 fusion protein. Although
N+Cp85 did not directly bind to tyrosine-
phosphorylated IFNARI, it did bind to
tyrosine-phosphorylated STAT3 (Fig. 2C).
These results suggest that a strong interaction
of p85 with IFNARI requires both SH2 do-
mains of p85 and that such an interaction is
indirect because p85 binds directly to STAT3
but not IEINARI. However, additional adapt-
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ers (for example, GRB2 binding to the YXNX
motif of the IR-TAM) could also be involved
in mediating the indirect interaction between
[FNARI1 and p85.

STAT3 binds to the YXXQ motif present
in the gp130 signal-transducing chain of the
interleukin-6 receptor family (26). The
YXXQ and YXXE motifs are present within
the IRTAM of IFNARI’s cytoplasmic tail
(22). To determine whether either of these
intracellular tyrosine residues is required for
the interaction of p85 with the IFNARI1
chain, we introduced peptides corresponding
to the amino acids surrounding these two
tyrosine residues into Daudi cells permeabil-
ized with streptolysin O. The permeabilized
cells were treated with IFN-a and then as-
sayed for the interaction of the IFNARI1
chain with p85. Phosphopeptides corre-
sponding to Tyr*?? (YSSQ motif) or Tyr*®
(YSNE motif) blocked the IFN-induced in-
teraction of IFNARI with p85 (Fig. 3). In
contrast, nonphosphorylated peptides, a phos-
phopeptide corresponding to the membrane
proximal Tyr*®!, and an irrelevant phos-
phopeptide had no effect on coprecipitation
of p85. These results indicated that the
interaction of p85 with IFNARI occurs
through the conserved YSSQ and YSNE
motifs in the IR-TAM. A consensus YXXM
p85-binding motif is present in STAT3 at
Tyr®® (this motif is conserved in mouse
and human STAT3 homologs), whereas no
such motif is found in IFNARI1. This led us
to investigate the possible role of STAT3 as
an adapter that couples p85 to IFNARI.

Wild-type STAT3 and an F656-STAT3
point mutant (in which a phenylalanine
was substituted for Tyr®>® of the YXXM
motif) were cloned into the pcDEF1 expres-
sion vector (27) and were electroporated,
along with the IENARI chain, into COS-7
cells. We assessed STAT3’s association
with IFNAR1 and the activation of trans-
fected STAT3 by precipitating proteins
from IFN-treated cell lysates with anti-
IFNARTI or anti-STAT3 and blotting with
anti-STAT3 or anti-pTyr, respectively.
Cells expressing F656-STAT3 had very low
amounts of IFN-induced STAT3 tyrosine
phosphorylation relative to that of cells
expressing wild-type STAT3 (Fig. 4A). We
assayed the IFN-induced association of p85
with IFNARI in cells cotransfected with
IFNARI and either wild-type STAT3 or
F656-STAT3 constructs. Although IFN
treatment of cells expressing wild-type
STATS3 resulted in coprecipitation of p85
with IFNAR1, IFN-treated cells transfected
with F656-STAT3 yielded no detectable

serine kinase activity and activates a serine
kinase cascade through the production of PI
3-phosphates (17, 18, 24, 28), we examined

phosphorylation and is required for p85
interaction with STAT3.
Because PI 3-kinase has endogenous

Fig. 1. Coprecipitation of p85  p B
with the IFNART chain from IFN- IFN-a - -

) : _— 7 7 5
treated Daudi cells. (A) Proteins o 5 15 30 min o i o i 2
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(5000 1U/ml) cell lysates were o= == P85 w= STAT3

precipitated with anti-IFNART {IFNARL (8@ g5

(80). The proteins were resolved

by SDS—polyacrylamide gel electrophoresis (PAGE), blotted onto polyvinylidene difluoride (PVDF) mem-
branes, and probed with anti-p85. (B) Lysates were precipitated with anti-p85, resolved by SDS-PAGE,
blotted with anti-STAT3, anti-IFNAR1, or anti-p85, and visualized by enhanced chemiluminescence
(ECL, Amersham). C, control cells.
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Fig. 2. Precipitation of the tyrosine-phosphorylated IFNAR1 chain and STAT3 in IFN-treated Daudi cells
with p85-GST fusion proteins, and direct blotting of STAT3 with the p85-GST fusion protein. (A) Lysates
from control or IFN-a—treated (5000 IU/ml, 15 min) cells were incubated with Np85, Cp85, or N+Cp85
GST fusion proteins bound to glutathione-agarose beads (22). The material bound was resolved by
SDS-PAGE, blotted onto PVDF membranes, and probed with anti-IFNAR1 [monoclonal antibody (mAb)
40H2]. (B) Proteins from lysates of IFN-treated (5000 IU/ml, 15 min) cells were precipitated with
N+Cp85 and resolved by SDS-PAGE, and blots were probed with anti-STAT3 or anti-IFNAR1. Cells
were treated in the presence or absence of genistein (gen, 100 wM) for 30 min before addition of IFN-a
to test for the role of tyrosine phosphorylation in the interaction of the IFNAR1 chain with p85. (C)
Proteins from lysates of IFN-treated (5000 IU/ml, 15 min) cells were precipitated with anti-STAT3 or
anti-IFNAR1 and resolved by SDS-PAGE. The blots were probed with N+Cp85 and visualized by ECL
with the use of a mouse GST mAb and a horseradish peroxidase—conjugated goat antibody to mouse
IgG (Southern Biotechnology Associates).

Fig. 3. Effects of phosphopeptides on association of p85 with the oo N8I KRNI E
IFNAR1 chain. Phosphopeptides (5 pM) corresponding to theami- 5 5 £ £ § € & S
no acids surrounding intracellular tyrosine residues of IFNAR1 St s 2 O
[PY481, IDEY(PO,FSEQPL; PY527, HKKY(PO,)SSQTSQ; PY538, s --quS

SGNY(PO,)SNEDES; or scram, DHIY(PO,)LDTSFN] (79) or non-
phosphorylated peptides (NP481, NP527, or NP538) were added to
streptolysin O—permeabilized Daudi cells (37). IFN-a-treated (5000 IU/ml, 15 min) cells were assayed for
interaction of IFNAR1 with p85 by blotting anti-IFNAR1 precipitates with anti-p85 and were visualized by
ECL. For the sample marked “none,” IFN-treated cells were permeabilized but no peptide was intro-
duced. Scram represents an irrelevant phosphopeptide.

Fig. 4. Effect of wild-type and mutant STAT3 expression onthe A B

interaction of IFNAR1 with p85 in COS cells. Wild-type (WT) Yoo L+ 4 FNa
STATS or F656-STAT3 was cloned into the pcDEF1 expression Q 8 ©
vector (27). COS-7 cells were cotransfected by electroporation 2 WL = T E E §

with the STAT3 and IFNAR1 (in pcDEF1) expression vectors. (A) el

Two days after transfection, IFN-a-treated (5000 IU/ml, 15 min) - W8 STAT3 i P85
cell lysates were precipitated with anti-IFNAR1 (lower gel) or -

anti-STAT3 (upper two gels). Proteins were resolved by SDS-
PAGE, blotted onto PVDF membranes, probed with anti-STAT3
or anti-pTyr as indicated, and visualized by ECL. (B) Proteins were precipitated with anti-IFNAR1 (upper
gel) or anti-p85 (lower gel), probed with anti-p85, and visualized by ECL.

W w85

.. ’ . Fig. 5. Effect of wortmannin on STAT3 serine phosphorylation in Daudi IEN-a + wort
p85 coprec1p1tate.d Wlth IENART (Fig. 4B). cells. Cells were treated with wortmannin (0 to 30 nM) for 30 min before 0 3 10 30 nM
These results indicate that, —although  aqgition of IFN-a. Proteins from lysates of IFN-treated (5000 IU/m, 15 min)  STAT3s_s =
STATS3 binding to IFNART is not depen-  cglis were precipitated with anti-pTyr, blotted with anti-STAT3 (upper gel) STATSf —
dent on Tyr®® phosphorylation, Tyr®® of  or anti-TYK2 (lower gel), and visualized by ECL. The faster and slower mi- EnEDanan
STATS3 is a site for IFN-dependent tyrosine  grating forms of STAT3 are indicated as STAT3f and STAT3s, respectively.
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the effect of the specific PI 3-kinase inhibi-
tor wortmannin on STAT3 phosphorylation
(Fig. 5). Cells were pretreated with various
concentrations of wortmannin before addi-
tion of IFN-a and lysed. Proteins from ly-
sates were precipitated with anti-pTyr and
blotted with anti-STAT3 or anti-TYKZ2.
Wortmannin produced a dose-dependent re-
duction in the slowly migrating band of
STAT3, which is phosphorylated on both
serine and tyrosine (median inhibitory con-
centration ICs5 ~ 3 nM). This was not
attributable to inhibition of tyrosine phos-
phorylation events, because wortmannin had
little or no effect on phosphorylation of the
faster migrating band, which contains
STAT3 solely phosphorylated on tyrosine,
or of the TYK2 JAK kinase. Moreover, wort-
mannin (10 nM, 30 min) produced a
~50% reduction in ISG54 gene induc-
tion, consistent with the finding that
serine phosphorylation of STAT3 is re-
quired for maximal activation of transcrip-
tion (16). These findings indicate a role
for the PI 3-kinase pathway in the serine
phosphorylation of STAT3. It remains to
be established whether PI 3-kinase medi-
ates these events directly or indirectly
through the IFN-a—activated PKCs, PKC8
and PKCe (14, 17, 18, 22, 28).

Our results indicate that Pl 3-kinase is
coupled to the IFN-R through STAT3. Upon
ligand-dependent tyrosine phosphorylation,
residues Tyr>?” and Tyr>*® of IFNARI recruit
STATS3 to the receptor; then, STAT3 itself
undergoes tyrosine phosphorylation at resi-
dues Tyr®® and Tyr’®. Because both SH2
domains of p85 are required for the strongest
interaction with the IFNARI signaling com-
plex, two tyrosine-phosphorylated STAT3
molecules may be needed to dock p85 effi-
ciently. Once docked, p85 can also undergo
IFN-dependent tyrosine phosphorylation. Ac-
tivated PI 3-kinase can then promote the
serine phosphorylation of STAT3, which is
critical for the formation of stable STAT3
homodimers or STAT3-STAT1 heterodimers
(16, 29). These data add an important new
facet to the role of STAT proteins in cellular
signal transduction pathways.
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Role of the Major Antigen of Mycobacterium
tuberculosis in Cell Wall Biogenesis

John T. Belisle,* Varalakshmi D. Vissa, Todd Sievert,
Kuni Takayama, Patrick J. Brennan, Gurdyal S. Besra

The dominant exported proteins and protective antigens of Mycobacterium tuberculosis
are a triad of related gene products called the antigen 85 (Ag85) complex. Each has also
been implicated in disease pathogenesis through its fibronectin-binding capacities. A
carboxylesterase domain was found within the amino acid sequences of Ag85A, B, and
C, and each protein acted as a mycolyliransferase involved in the final stages of my-
cobacterial cell wall assembly, as shown by direct enzyme assay and site-directed
mutagenesis. Furthermore, the use of an antagonist (6-azido-6-deoxy-a,a’-trehalose) of
this activity demonstrates that these proteins are essential and potential targets for new

antimycobacterial drugs.

Mycobacterium tuberculosis possesses a cell
wall dominated by covalently linked mycolic
acids, D-arabino-D-galactan, and peptidogly-
can (mAGP), the mycolic acids of which are
complemented by glycolipids such as a,a’-
trehalose dimycolate (TDM, cord factor) and
a,a'-trehalose monomycolate (TMM) (1).
This mycolic acid-based permeability barrier
shields the organism from environmental
stress and contributes to disease persistence
and the refractoriness of M. tuberculosis to
many antibiotics (I). The success of chemo-
therapeutic agents such as isoniazid and
ethambutol that specifically inhibit cell wall
biogenesis confirms the necessity of this struc-
ture for bacterial survival (2). The biosyn-
thetic pathways leading to formation of the
key mycobacterial cell wall components, ar-
abinogalactan (AG) and mycolic acids, are
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therefore desirable targets for the rational de-
sign of new antituberculosis agents (3, 4).
However, there is little information on indi-
vidual enzymes (5, 6) or genes (7) involved in
these unique processes.

To define the enzymes and genes respon-
sible for mycolic acid deposition, we devel-
oped a mycolyltransferase assay in which non-
radioactive mycolic acids from lipid-soluble
TMM were transesterified to radioactive wa-
ter-soluble ['*Cla,a’-trehalose, resulting in
the formation of lipid-soluble ['*C]TMM and
["*CITDM (6). The enzyme responsible for
this exchange from M. smegmatis was purified
to near homogeneity by conventional means
(6), and the transferase activity, assessed in
terms of product formation (8), was deter-
mined to be 1.89 X 10* cpm mg™! protein
min~!. Two-dimensional polyacrylamide gel
electrophoresis (2D PAGE) (9) of this en-
zyme preparation revealed the presence of two
major proteins with identical isoelectric
points of ~5.1 and relative molecular masses
of 31 and 34 kD. Amino acid analysis of the
NH,-terminus of both proteins yielded the
sequence RPGLPVEY (10). Unexpectedly,

this sequence was similar to that reported for
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