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Requirement of Serine Phosphorylation for
Formation of STAT-Promoter Complexes

Xiaokui Zhang, John Blenis, Heng-Chun Li, Chris Schindler,
Selina Chen-Kiang*

Members of the interleukin-6 family of cytokines bind to and activate receptors that
contain a common subunit, gp130. This leads to the activation of Stat3 and Stat1, two
cytoplasmic signal transducers and activators of transcription (STATSs), by tyrosine phos-
phorylation. Serine phosphorylation of Stat3 was constitutive and was enhanced by
signaling through gp130. In cells of lymphoid and neuronal origins, inhibition of serine
phosphorylation prevented the formation of complexes of DNA with Stat3-Stat3 but not
with Stat3-Stat1 or Stat1-Stat1 dimers. In vitro serine dephosphorylation of Stat3 also
inhibited DNA binding of Stat3-Stat3. The requirement of serine phosphorylation for
Stat3-Stat3:-DNA complex formation was inversely correlated with the affinity of Stat3-
Stat3 for the binding site. Thus, serine phosphorylation appears to enhance or to be
required for the formation of stable Stat3-Stat3-DNA complexes.

The Janus kinase (Jak)-STAT pathway
transduces the signals of many cytokines
and peptide growth factors (I). Ligand
binding rapidly triggers tyrosine phospho-
rylation of STATs (2, 3) by receptor-asso-
ciated Jak family tyrosine kinases (4, 5).
The activated STATs dimerize and translo-
cate into the nucleus, where they directly
activate target genes by binding to specific
promoter sequences (1). The pleiotropic cy-
tokines interleukin-6 (IL-6), ciliary neuro-
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trophic factor (CNTF), leukemia inhibitory
factor (LIF), oncostatin M, and IL-11 trans-
duce signals through gp130, a common
component of the receptor complexes (6,
7). IL-6 primarily activates Stat3 [also
known as acute-phase response factor
(APRF)] (8, 9) in the liver (9, 10), but it
also activates Statl (11) in human hepato-
blastoma HepG2 cells (8, 12, 13). Signal-
ing by CNTF activates Stat] and two Stat1-
related proteins in a human neuroblastoma
cell line SK-N-MC (14). Activated Stat3
and Statl form three distinct protein-DNA
complexes that contain either Statl ho-
modimers, Statl-Stat3 heterodimers, or
Stat3 homodimers when they bind to the
Stat-binding site present in the c-fos pro-
moter (8, 12, 13, 15). Studies of the acti-
vation of Statl by interferon y (IFN-y)
suggest that Stat1 can form stable dimers by
interactions between the Src homology 2



(SH2) domain of one Statl protein and the
phosphotyrosine of the other protein before
translocating into the nucleus (16). These
interactions are also thought to occur be-
tween Statl and Stat3.

The activation of STATSs is transient
(I). To investigate the temporal activation
of STATS by IL-6, we examined the forma-
tion of STAT-DNA complexes in nuclear
extracts of IL-6—treated human NJBC T
cells, which express a large amount of the
IL-6 receptor (17), by electrophoretic mo-
bility-shift assays (EMSAs). The STAT-
binding site [[FN-y activation site (GAS)]
of the IRF-1 gene promoter (18) was used as
a probe (Fig. 1). The slowest migrating
protein-DNA complex, complex A, was
formed within 1 min of exposure of the cells
to IL-6. Complex A contained Stat3 but
not Statl, as indicated by a supershift with
an antibody specific for Stat3 (8) but not
with an antibody specific for Statla (3).
The formation of complex A was followed
by the formation of a complex of interme-
diate mobility, complex B, which contained
both Stat3 and Statl. Finally, after 12 min,
the fastest migrating complex, complex C,
which contained Statl but not Stat3, was
formed. The DNA binding activities of
STAT: declined within 2 hours after acti-
vation. Within this period of time, the for-
mation of complex A was rapid and more
sustained, whereas the formation of com-
plex C was delayed and more transient.
Similar kinetics for STAT-DNA complex
formation was observed in human B lym-
phoblastoid CESS cells and mouse myeloid
leukemia M1 cells in response to IL-6 (Fig.
1A) (19). The sequential formation of pro-
tein-DNA complexes differing in the com-
position of Stat3 and Statl indicates that
IL-6 preferentially activates Stat3, but it
can also activate Statl in a time-dependent
manner.

Treatment of SK-N-MC cells and hu-
man Ewing sarcoma EW-1 cells of neuronal
origin (6) with CNTF led to the formation
of the three protein-DNA complexes in the
same order. However, in contrast to the
predominant presence of complex A in IL-6
signaling, the ratios between the three com-
plexes changed rapidly (within 5 min) to
favor complex C in CNTF-treated cells
(Fig. 1B) (19). Thus, although the order of
Stat3 and Statl activation was similar, the
assembly or the stability of STAT-DNA
complexes was different in response to IL-6
or CNTF.

We next used confocal immunocyto-
chemistry to examine the subcellular distri-
bution of Stat3 and Statl in response to
IL-6. Cells were simultaneously stained for
Stat3 and a cytoplasmic marker, glucose-
regulated protein 94 (GRP94) (19), or for
Statl and GRP94 (Fig. 2). Stat3 was dis-
tributed diffusely in both the cytoplasm and
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Fig. 1. Kinetic analysis of the activation of Stat3 and Stat1 by IL-6 and CNTF. (A) Nuclear extracts were
prepared from untreated (0) or IL-6-treated NJBC (120 U/ml), CESS (40 U/ml), and M1 (200 U/ml) cells
(77, 28) for the time.indicated (2). EMSA was performed (2) with a double-stranded oligonucleotide probe
containing the GAS site of the IRF-1 gene (5'-GATCGAT T TCCCCGAAAT-3'). The STATs present in the
protein-DNA complexes were identified with rabbit antisera to either the COOH-terminus of Stat3
(anti-Stat3) (8) or the COOH-terminal 36 amino acids of Stat1a (anti-Stat1) (3). The three protein-DNA
complexes formed (named A, B, and C) were separated from free probes by electrophoresis on a 4.5%
polyacrylamide gel. (B) Nuclear extracts were prepared from EW-1 and SK-N-MC (SK-N) cells left
untreated (0) or treated with CNTF (50 ng/ml, Regeneron) (6) for the time indicated, and the extracts were
analyzed as in (A).

Fig. 2. Differential nuclear localization of Stat3 and Stat1 induced by IL-6. NJBC cells were incubated in
the absence (0) or presence of IL-6 for the indicated time, double-stained for Stat3 (A through E) and
GRP94 (F through J; Stressgen, Victoria, British Columbia, Canada), or for Stat1 (K through O) and
GRP94 (P through T), and analyzed by confocal microscopy (2, 19). Original magnification, X 1000.
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the nucleus of untreated NJBC cells, as
compared with the restricted endoplasmic
reticulum distribution of GRP94. Within 1
min of IL-6 binding and coincidental with
the formation of Stat3-Stat3-DNA com-
plexes (Fig. 1), Stat3 was preferentially lo-
calized in the nucleus. By 12 min, Stat3 was
distributed mainly in the nucleus with a
punctate appearance, but not in the nucle-
oli. Stat3 remained primarily in the nucleus
even after its DNA binding activity had
declined, whereas GRP94 was always con-
fined to the endoplasmic reticulum.

Statl was predominantly present in the
cytoplasm of untreated NJBC cells and did
not translocate into the nucleus until 5 min
after treatment of the cells with IL-6 (Fig.
2). By 12 min, the translocated Statl was
distributed diffusely in the nucleus. Howev-
er, unlike Stat3, Statl reappeared in the
cytoplasm after its DNA binding activity
declined. Thus, Stat3 and Statl differ in
their subcellular distribution, their kinetics
of nuclear translocation, and their fate after
cells are activated with IL-6. The orderly
formation of Stat3-Stat3, Stat3-Statl, and
Stat1-Statl protein-DNA complexes in the
nucleus of IL-6—treated cells appears to be
at least in part the result of sequential nu-
clear translocation of activated Stat3 and
Statl.

The rapid nuclear translocation of Stat3
suggested that IL-6 rapidly induces phos-
phorylation of Stat3 on tyrosine. Proteins in
Stat3 immune complexes recovered from
nuclear extracts of IL-6—treated NJBC cells
were probed with an antibody to phospho-
tyrosine (anti-pTyr). Two proteins that mi-
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Fig. 3. IL-6-induced tyrosine phosphorylation of
two Stat3 proteins. NJBC cells were left untreated
(0) or treated with IL-6 for 1 or 12 min. Proteins
from nuclear extracts were immunoprecipitated
with anti-Stat3 and analyzed by immunoblotting
(2) sequentially with a monoclonal antibody to
phosphotyrosine (anti-pTyr) (4G10, Upstate Bio-
technology, 1:1000), anti-Stat3 (1:1000), and
both anti-Stat3 and anti-Stat1 (1:1000). The
bound antibodies were detected by using an
epichemiluminescence immunoblotting system
(Amersham). Stat3, and Stat3; indicate the migra-
tions of the two Stat3 proteins. At left are
prestained protein size markers in kilodaltons.

1992

grated at 88 and 89 kD were rapidly phos-
phorylated after IL-6 binding (Fig. 3). Both
were Stat3, as shown by stripping and prob-
ing the same blot with an antibody to Stat3.
Referred to as Stat3, (for slower migrating)
and Stat3; (for faster migrating), they are
likely to be the two Stat3 proteins previous-
ly identified (14, 20). Consistent with im-
munocytochemical analysis (Fig. 2), small
amounts of both types of Stat3 proteins
were present in the nuclear extracts of un-
treated cells (Fig. 3). However, they were
not phosphorylated on tyrosine until the
cells were treated with IL-6, which prefer-
entially enhanced the accumulation of
Stat3,. Probing of the same blot simulta-
neously with antibodies to Stat3 and Statl
showed that, concurrent with time-depen-
dent formation of the Stat3-Statl-DNA
complex (Fig. 1), Statl coprecipitated with
Stat3 in increasing amounts. The rapid nu-
clear translocation of Stat3 (Fig. 2) and
formation of Stat3-Stat3*DNA complexes
(Fig. 1) therefore correlated with rapid ty-
rosine phosphorylation of Stat3 proteins.
The presence of two Stat3 proteins de-
rived from one mRNA species (8, 9) that
were both phosphorylated on tyrosine (Fig.
3) suggested that Stat3 underwent addition-
al posttranslational modification. Serine-
threonine phosphorylation has been impli-
cated in gp130 signaling because activation

of immediate early gene transcription by
IL-6 and LIF was inhibited by the serine-
threonine kinase inhibitor H7 (21). H7 also
inhibited INF-y-dependent activation of
transcription of the gene encoding GBP, a
guanylate-binding protein (22). Because
the STAT-binding site is present in the
promoters of the Fos, JunB, and GBP genes
(12, 14, 19, 23), we reasoned that serine-
threonine phosphorylation might function
in the activation of STATs, or the forma-

tion of STAT-promoter complexes.
Treatment of NJBC cells with H7 before

- stimulation with IL-6 prevented the forma-

tion of the Stat3-Stat3-DNA complex
(complex A), but not that of Stat3-Statl-
(complex B) or Statl-Statl'‘DNA complex
(complex C), when the GAS site was used
as a probe in EMSA (Fig. 4A). The broad-
spectrum kinase inhibitor staurosporine
abolished the formation of all three com-
plexes in vivo, presumably because it inhib-
ited tyrosine phosphorylation. These results
indicated that serine-threonine phospho-
rylation was specifically required for the
formation of stable Stat3-Stat3-DNA com-
plexes in vivo. In vitro dephosphorylation
of IL-6—-induced nuclear extracts with the
serine-threonine—specific ~phosphoprotein
phosphatase 2A (PP2A) selectively inhib-
ited Stat3-Stat3 complex formation in a
concentration-dependent manner. PP2A is
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Fig. 4. Inhibition of STAT-DNA complex formation by kinase inhibitors and serine-threonine dephospho-
rylation. (A) Nuclear extracts were prepared from NJBC cells left untreated (0) or treated with IL-6 for 12
min. H7 (50 pM, Seikagaku, Rockville, Maryland) or staurosporine (staur) (500 nM, Sigma) was added (+)
to selected cultures for 1 hour before cytokine treatment (lanes 3 and 4). The 12-min nuclear extracts
were incubated with PP2A purified from bovine brain at the concentrations indicated (units X 1079) inthe
presence of KCl (50 mM) and MnCl, (1 mM) for 10 min at room temperature (29), without (lanes 5 to 7) or
with okadaic acid (OA) (50 nM, Sigma) (lane 8). The subsequent formation of STAT-DNA complexes was

- analyzed by EMSA with the GAS site probe (lanes 1 to 8) or the hSIE probe (double-stranded GTCGA-

CATTTCCCGTAAATCGTCGA) (72) (lanes 9 to 11). (B) Nuclear extracts were prepared from EW-1 cells
left untreated (0) or treated with CNTF for 30 min in the absence or presence of H7 (lanes 12 to 14). The
CNTF-treated nuclear extracts were incubated with PP2A in the absence (lane 16) or presence of okadaic
acid (50 nM) (lane 17). (C) Nuclear extracts were prepared from HepG2 cells left untreated (0) or treated
with IL-6 for 10 min in the absence or presence of H7 (lanes 18 to 20). The IL-6-treated nuclear extracts
were incubated with PP2A as indicated (lanes 21 to 25). Complexes A, B, and C are indicated at the left.
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a dominant protein phosphatase in vivo
and can be inhibited by okadaic acid (24).
Co-incubation of PP2A with okadaic acid
completely protected the Stat3-Stat3-DNA
complex from PP2A activity.

To address the possibility that serine-
threonine phosphorylation may be required
for stable Stat3-Stat3-DNA complex forma-
tion in a site-specific manner, we used the
STAT-binding site of the Ly-6E gene pro-
moter (Ly-6E) (25), which binds Stat3-
Stat3 with relatively lower affinity (19),
and a high-affinity sis-inducible element of
the c-fos promoter (hSIE) (12, 15) as
probes in EMSAs (Fig. 4A). Although de-
phosphorylation of Stat3 with PP2A also
abolished the binding of Stat3-Stat3 to Ly-
6E (19), it only marginally affected (20%)
binding to hSIE. The requirement of serine-
threonine phosphorylation for the forma-
tion of stable Stat3-Stat3-DNA complexes
therefore appeared to be inversely correlat-
ed with the affinity between the Stat3-
Stat3 homodimer and its binding site.

The formation of the Stat3-Stat3-DNA
complex at the GAS site was similarly re-
duced in EW-1 cells by either H7 treatment
of the cells before stimulation with CNTF
or dephosphorylation of proteins in vitro
with PP2A (Fig. 4B). The inhibitory effect
of H7 appeared to be cell type-dependent,
because formation of Stat3-Stat3-DNA
complexes in response to IL-6 was not sen-
sitive to inhibition by H7 in some cells such
as HepG2 (Fig. 4C) (20). However, treat-
ment of nuclear extracts from IL-6-activat-

ed HepG2 cells with PP2A decreased, but

Fig. 5. Serine phosphorylation on A
Stat3 is constitutive and enhanced
by IL-6. (A) NJBC cells (4 X 107)
were biosynthetically labeled with
carrier-free [32P] orthophosphoric
acid (500 wCi/ml, DuPont-NEN) for
2 hours and either left untreated (-)
or treated with IL-6 for 10 min (+).
The proteins in cell lysates were im-
munoprecipitated with anti-Stat3
and resolved by SDS—polyacrylam-
ide gel electrophoresis on a 7.5%
gel as described (30). At left are
prestained protein size markers in
kilodaltons. (B) Phosphoamino acid
analysis of Stat3. The 32P-labeled
Stat3 was recovered from the gel
shown in (A) and analyzed for the
presence of phosphoamino acids
by two-dimensional thin-layer elec-
trophoresis, with the first dimension
performed in pH 1.9 buffer and the
second dimension performed in pH
3.5 buffer (30). The labeled phos-
phoamino acids (pS, phospho-
serine; pT, phosphothreonine; pY,

200-

97-

69-

phosphotyrosine) were quantified i

by phosphoimager analysis. (C) The
nuclear extracts of EW-1 cells used

did not eliminate, the formation of Stat3-
Stat3-DNA complexes (Fig. 4C). Thus, in-
hibition of serine-threonine phosphoryl-
ation by H7 in vivo prevented the forma-
tion of Stat3-Stat3*DNA complexes in a
cell type~dependent manner. In vitro de-
phosphorylation by PP2ZA mimicked the H7
effect, even in nuclear extracts of cells that
were not sensitive to inhibition by H7.
Therefore, serine-threonine phosphoryl-
ation appears to enhance or be required for
the formation of Stat3-Stat3DNA com-
plexes in certain cells.

To further investigate the role of serine
and threonine phosphorylation in the for-
mation of Stat3-Stat3-DNA complexes,
we performed a phosphoamino acid anal-
ysis of Stat3 (Fig. 5). Stat3 was immuno-
precipitated from lysates of untreated and
IL-6—treated NJBC cells labeled with [32P]
orthophosphoric acid. The incorporation
of 32P into Stat3 was increased fourfold in
response to IL-6 (Fig. 5A). Phosphoamino
acid analysis showed that Stat3 was not
appreciably phosphorylated on tyrosine
until it was activated by IL-6. Tyrosine
phosphorylation then increased more than
35-fold (Fig. 5B). In contrast, serine phos-
phorylation of Stat3 was constitutive, rep-
resenting 90% of the total 2P incorporat-
ed into Stat3 in untreated cells. In re-
sponse to IL-6, serine phosphorylation of
Stat3 was increased fourfold, which ac-
counted for most of the total increases in
32P incorporated into Stat3.

Because dephosphorylation with PP2A
did not affect the formation of Stat3-Statl:

IL-6-treated NJBC

+ L
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in EMSA (Fig. 4) were analyzed by immunoblotting with anti-pTyr.
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and Statl-Stat]'DNA complexes (Fig. 4),
selective inhibition of Stat3-Stat3-DNA
complex formation was probably the result
of dephosphorylation on serine and not on
tyrosine. Phosphotyrosine on Stat3 was re-
tained after dephosphorylation with PP2A,
as shown by anti-pTyr blotting of Stat3
isolated from the same CNTF-induced
EW-1 cell nuclear extracts used in the
EMSAs (Figs. 4B and 5C). Thus, serine
phosphorylation of Stat3 is constitutive and
enhanced by IL-6 signaling, and removal of
the phosphate group or groups from serine
correlates  with inhibition of Stat3-
Stat3-DNA complex formation.

In summary, in addition to tyrosine
phosphorylation, serine phosphorylation
has a function in the Jak-STAT pathway.
Specifically, it enhanced or was required
for the formation of stable Stat3-
Stat3-DNA complexes in a cell type— and
site-dependent manner. In contrast to the
detailed understanding of the function of
tyrosine phosphorylation in the Jak-STAT
pathway and the mechanism involved,
very little is known about serine phos-
phorylation in this pathway. Comparison
of Stat3 and Statl, which also appears to
be constitutively phosphorylated on serine
residues contained in two or three tryptic
peptides (3, 5, 26), suggests that serine
phosphorylation on Stat3 may also be lim-
ited to specific residues. The sequence
-Pro-Met-Ser-Pro-, which resembles the
consensus sequence for the mitogen-acti-
vated protein (MAP) kinase substrate
-Pro-X-Ser (Thr)-Pro- (27), is present in
the conserved region in the COOH-termi-
nus of Statl, Stat3, and Stat4. Thus, it is
possible that the Jak-STAT pathway may
be functionally coupled to and modulated
by the MAP-kinase pathway.
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Switching Recognition of Two tRNA Synthetases
with an Amino Acid Swap in a Designed Peptide

Douglas S. Auld and Paul Schimmel

The genetic code is based on specific interactions between transfer RNA (tRNA) syn-
thetases and their cognate tRNAs. The anticodons for methionine and isoleucine tRNAs
differ by a single nucleotide, and changing this nucleotide in an isoleucine tRNA is
sufficient to change aminoacylation specificity to methionine. Results of combinatorial
mutagenesis of an anticodon-binding-helix loop peptide were used to design a hybrid
sequence composed of amino acid residues from methionyl- and isoleucyl-tRNA syn-
thetases. When the hybrid sequence was transplanted into isoleucyl-tRNA synthetase,
active enzyme was generated in vivo and in vitro. The transplanted peptide did not confer
function to methionyl-tRNA synthetase, but the substitution of a single amino acid within
the transplanted peptide conferred methionylation and prevented isoleucylation. Thus,
the swap of a single amino acid in the transplanted peptide switches specificity between

anticodons that differ by one nucleotide.

Isoleucyl- and methionyl-tRNA syntheta-
ses are two of the most closely related class
I tRNA synthetases (1). Each has a charac-
teristic nucleotide binding fold in the NH,-
terminal domain that forms the active site
for amino acid activation and for the trans-
fer of the activated amino acid to the bound
tRNA. A polypeptide insertion into this
domain is believed to provide for interac-
tion with the tRNA acceptor helix (2). The
COQOH-terminal domain is rich in a helices
and provides for interaction with the anti-
codon of the respective tRNAs. Within this
second domain, a helix loop peptide pro-
vides for interactions with the anticodon.
Chemical crosslinking, molecular model-
ing, and mutagenesis have implicated
Trp*! (3) of the peptide element of Esche-
richia coli methionyl-tRNA synthetase
(MetRS) as essential for this anticodon in-
teraction (Fig. 1) (4-9). In particular,
Trp*®! is proposed to interact with the first
base cytosine of the CAU anticodon of
tRNAMet (10). Sequence alignments show
that in E. coli isoleucyl-tRNA synthetase
(IleRS), the analogous position is Arg?>*
(Fig. 1).

Muramatsu et al. (11) further demon-
strated the relatedness of these enzymes by
the ease with which their respective tRNA
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specificities could be switched. Although
the minor isoacceptor of tRNA" has an
LAU anticodon, where L is lysidine (lysi-

Fig. 1. (Top) The helix
loop structure derived
from the crystal structure
of the 547-amino acid
monomeric fragment of
MetRS (5); the fragment
was drawn with the pro-
gram  Molscript  (29).
(Bottom) A portion of the
alignment used to define
the anticodon-binding
region in lleRS (upper
four sequences) and
MetRS (3, 13, 20, 30).
Also shown is the 10—
amino acid region that
was combined (boxed
residues) by Dbinary
codon mutagenesis (78).
Shaded regions repre-
sent semiconserved res-
idues in lleRS sequences
that also are semicon-
served in MetRS se-
quences. The arrow-
head at the bottom
points to the anticodon
recognition region. Ec, E.
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dine is cytosine with the e-amino group
of lysine covalently linked to C-2 of
the pyrimidine ring of cytosine), the un-
modified isoacceptor has a CAU anti-
codon—the same as tRNAMet, This un-
modified tRNA® is aminoacylated effi-
ciently by MetRS but not by IleRS. Modi-
fication of C — L yields efficient amino-
acylation with isoleucine and eliminates
aminoacylation with methionine. We
sought to determine whether a complement
of the experiment performed by Muramatsu
et al. could be achieved by manipulation of
the two enzymes. Our initial experiments
concentrated on gathering more informa-
tion about the role of 10 amino acids within
the helix loop element that includes Arg”>*
of 1leRS and Trp*! of MetRS (Fig. 1).
Synthetic deoxyoligonucleotide cassettes
that encode variants of the helix loop pep-
tide were introduced into plasmids pKSNB
(which encodes MetRS) and pDUGO03
(which encodes IleRS) through unique re-
striction sites (12). The genes that encode

coli; Sc, Saccharomyces cerevisiae; Mt, Methanobacterium thermoautotrophicum; Tt, Tetrahymena
thermophila; Tmt, Thermus thermophilus; Scm, mitochondrial Saccharomyces cerevisiae; and Bst,

Bacillus stearothermophilus.
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