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The leptin receptor, LRb, and other cytokine receptors are devoid of intrinsic enzymatic activity and rely
upon the activity of constitutively associated Jak family tyrosine kinases to mediate intracellular signaling. In
order to clarify mechanisms by which Jak2, the cognate LRb-associated Jak kinase, is regulated and mediates
downstream signaling, we employed tandem mass spectroscopic analysis to identify phosphorylation sites on
Jak2. We identified Sers,; as the first-described site of Jak2 serine phosphorylation and demonstrated that this
site is phosphorylated on Jak2 from intact cells and mouse spleen. Sers,; was highly phosphorylated in
HEK293 cells independently of LRb-Jak2 activation, suggesting a potential role for the phosphorylation of
Sers,; in the regulation of LRb by other pathways. Indeed, mutation of Sers,; sensitized and prolonged
signaling by Jak2 following activation by the intracellular domain of LRb. The effect of Sers,; on Jak2 function
was independent of Tyrs,,-mediated inhibition. Thus, the phosphorylation of Jak2 on Sers,; inhibits Jak2
activity and represents a novel mechanism for the regulation of Jak2-dependent cytokine signaling.

Type I cytokines mediate a plethora of physiologic pro-
cesses, ranging from hematopoietic and immune functions
(such as those mediated by erythropoietin [Epo] and the in-
terleukins) to growth and neuroendocrine responses (such as
those mediated by growth hormone and leptin) (11, 15, 16, 23,
31). These actions are mediated by the activation of cytokine
receptor proteins found on the surface of target cells. Cytokine
receptors each contain an extracellular domain that recognizes
its specific cytokine ligand, a single transmembrane domain,
and an intracellular domain that, although devoid of enzymatic
activity, transmits intracellular signals by means of an associ-
ated Jak family tyrosine kinase. Ligand binding activates the
associated intracellular Jak kinase, resulting in Jak kinase auto-
phosphorylation and activation and the subsequent tyrosine phos-
phorylation of the intracellular domain of the cytokine receptor.
These tyrosine phosphorylation events mediate downstream sig-
naling by the LRb/Jak2 complex (11, 16, 19, 23).

The Jak kinase family contains four members: Jakl to Jak3
and Tyk2 (11, 16). Of these, Jakl and -2 and Tyk2 are ubiqui-
tously expressed, while Jak3 is found predominantly in immune
and hematopoietic tissues. Jak kinases are composed of four
conserved domains. The NH,-terminal FERM domain is re-
quired for interaction with cytokine receptors (32, 35), while
the adjacent SH2-like fold has no known function. The COOH-

* Corresponding author. Mailing address for Edward P. Feener:
Research Division, Joslin Diabetes Center, 1 Joslin Place, Boston, MA
02215. Phone: (617) 732-2599. Fax: (617) 732-2637. E-mail: edward
feener@joslin.harvard.edu. Mailing address for Martin G. Myers, Jr.:
University of Michigan, Division of Metabolism, Endocrinology, and
Diabetes, Departments of Internal Medicine and Molecular and
Integrative Physiology, 1150 W. Medical Center Dr., 4301 MSRB 111,
Box 0638, Ann Arbor, MI 48109. Phone: (734) 647-9515. Fax: (734)
936-6684. E-mail: mgmyers@umich.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

4063

terminal portion of Jak kinases contains a kinase-like JH2 domain
that is devoid of enzymatic activity but that regulates the activity
of the COOH-terminal JH1 tyrosine kinase domain (9, 21, 28,
33, 34).

Our laboratory studies signaling by the long form of the
leptin receptor (LRb), which regulates feeding, neuroendo-
crine, and immune function in response to leptin, which is in
turn regulated by nutritional cues (8, 10, 23, 31). Stimulation
of LRb mediates the activation and tyrosine phosphorylation
of the LRb-associated Jak2, resulting in the phosphorylation of
tyrosine residues on the intracellular tail of LRb and on Jak2
(2, 17, 23). Tyrosine phosphorylation sites on LRb mediate
signaling by STAT proteins and SHP-2, as well as binding the
suppressor of cytokine signaling 3 (SOCS3) to attenuate LRb
signaling (2, 3, 23). Several sites of Jak2 tyrosine phosphory-
lation have been identified, and functions for a few of these
sites are known: phosphorylation of Tyr, ., and Tyr, g Within
the kinase domain participates in kinase activation (7), phos-
phorylated Tyrg,; mediates binding of SH2-B to increase Jak2
signaling (19), and phosphorylation of Tyrs,, within the JH2
domain inhibits Jak2 kinase activity (1, 6).

During our continuing analysis of Jak2 by liquid chromatog-
raphy-tandem mass spectroscopy (LC-MS/MS), we identified
the first-described site of serine phosphorylation (Sers,;) on
Jak2 protein from intact cells. Here, we report that phosphor-
ylation of Sers,; on Jak2 inhibits Jak2-mediated signaling; this
and the high-stoichiometry phosphorylation of this site in in-
tact cells suggest an important role for this phosphorylation
event in the regulation of cytokine signaling.

MATERIALS AND METHODS

Antibodies, growth factors, and reagents. Rabbit anti-Jak2 (758) [aJak2(758)]
antiserum has been described previously (2, 6). Antigen affinity-purified phos-
phorylation-state-specific antibodies to phosphorylated Tyr;o,; and Tyrgos
[aJak2(PY1007,8)] and Tyrs;, [aJak2(PY570)] have also been described previ-
ously (6). Antisera for immunoblotting of Jak2 [aJak2(NT)] were prepared in
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rabbits by injection of a keyhole limpet hemocyanin-coupled synthetic peptide
corresponding to the NH,-terminal 12 amino acids of Jak2. Antibodies recog-
nizing phosphorylated Sers,; of Jak2 were raised in rabbits by injection of a
keyhole limpet hemocyanin-coupled synthetic 11-amino-acid phosphorylated
peptide centered on Sers,s. All site- and phosphospecific antisera were affinity
purified on the antigen peptide coupled to a mixture of Affigel-10 and -15
(Bio-Rad), followed by passage over Affigel coupled to irrelevant phosphopep-
tides and nonphosphorylated antigen peptide to remove antibodies directed
against other sites of phosphorylation and to the nonphosphorylated form of the
site. The independent preparation of aJak2(PS523) by the Carter-Su laboratory
is described in reference 21a. Synthetic peptides were purchased from Boston
Biomolecules (Woburn, MA). 9-Fluorenylmethoxy carbonyl-['3C, '*N]-Ile was
purchased from Cambridge Isotope Laboratories (Cambridge, MA) for the syn-
thesis of mass-labeled peptides by Boston Biomolecules. Recombinant murine
interleukin-3 (IL-3) was obtained from Pierce Endogen (Rockford, IL); mono-
clonal 4G10 was used for antiphosphotyrosine («PY) immunoblotting (Upstate
Biotechnology). Antibodies directed against the phosphorylated (activated)
forms of extracellular signal-regulated kinase (ERK) and STAT3(PY705) were
purchased from Cell Signaling Technology (Beverly, MA). Recombinant human
Epo was purchased from Amgen. Bovine serum albumin fraction V was pur-
chased from Sigma. Protein A-Sepharose 6MB and horseradish peroxidase-
protein A were from Amersham Pharmacia Biotech (Piscataway, NJ), and sec-
ondary antibodies for immunoblotting were from Santa Cruz Biotechnology
(Santa Cruz, CA). Dimethylpimelimidate was from Pierce Endogen (Rockford,
IL).

Generation of mutant Jak2 cDNAs. pcDNA3Jak2 (17) and pcDNA3Jak2Y>7F (6)
were used as templates for mutagenesis using the QuickChange kit (Stratagene) to
replace Sers,; with Ala or Glu individually (to generate pcDNA3Jak2%°%34 and
pcDNA3Jak25723E | respectively) or in combination with replacement of Tyrs,, by
Phe (pcDNA3Jak25323A/YS70F) ' The presence of the desired mutations and the
absence of adventitious mutations were confirmed by DNA sequencing. Other Jak2
mutants have been described previously (6).

Cell lines. All cells were maintained in a humidified atmosphere containing
5% CO, and 95% air at 37°C. 32D cells were grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 5% WEHI-3 conditioned me-
dium (a source of IL-3) (2). HEK293 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. ELR constructs in
pcDNA3 were transiently cotransfected with pcDNA3 alone or with the appro-
priate pcDNA3Jak2 isoform into subconfluent HEK293 cells using Lipo-
fectamine (Invitrogen) as described previously (6).

Preparation of cell lysates for immunoprecipitation. Prior to each experiment,
subconfluent cells plated in 15-cm dishes were made quiescent by incubation in
Dulbecco’s modified Eagle’s medium containing 0.5% bovine serum albumin
(32D cells, 4 h; 293 cells, overnight) before stimulation with Epo or IL-3 at 37°C.
Cells were lysed in 20 mM Tris, pH 7.4, containing 137 mM NaCl, 2 mM EDTA,
10% glycerol, 50 mM B-glycerophosphate, 50 mM NaF, 1% Nonidet P-40, 2 mM
phenylmethylsulfonyl fluoride, and 2 mM sodium orthovanadate (lysis buffer).
Insoluble material was removed by centrifugation at 16,000 X g at 4°C for 20
min. Protein concentrations of the resulting lysates were determined using the
bicinchoninic acid protein assay kit (Pierce) and bovine serum albumin standards,
and equivalent amounts of protein were added to the appropriate antibodies for
immunoprecipitation or denatured in Laemmli buffer for direct resolution by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
For immunoprecipitates, lysates were incubated with antibody at 4°C overnight
followed by incubation with protein A-Sepharose for 60 min. All Jak2 immuno-
precipitations were performed with aJak2(758). Immune complexes were col-
lected by centrifugation and washed three times in lysis buffer before dena-
turation in Laemmli buffer and separation by 8% SDS-PAGE. Immunoblotting
was performed as previously described (6). Quantification of immunoblots
was accomplished by scanning densitometry of film using QuantityOne soft-
ware (Bio-Rad).

For stripping blots, the membrane was stripped with Re-blot Plus (Chemicon)
according to the manufacturer’s instructions. Stripped membranes were blocked
overnight in block buffer and reprobed as described elsewhere.

Analysis of Jak2 from spleen was accomplished by lysing freshly isolated spleen
in a Dounce homogenizer; lysates were clarified and protein concentration de-
termined as above. Lysates containing 4.5 mg of protein each were immuno-
precipitated with affinity-purified aJak2(758) covalently coupled to protein A-
Sepharose by the dimethylpimelimidate method (24). Immunoblotting of control
immunoprecipitates (no tissue lysate) using this coupled antibody revealed no
reactivity with either aJak2(PS523) or aJak2(NT) (data not shown). Mice were
C57BL/6 wild-type and obese, leptin-deficient ob/ob mice from our in-house
breeding program at the University of Michigan. Mice had ad libitum access to
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food and water, and all experimental procedures were approved by the Univer-
sity Committee on the Use and Care of Animals.

Analysis of SOCS3 mRNA expression. HEK293 cells were transfected in
triplicate with the ELR and the appropriate Jak2 constructs and made quiescent
overnight before stimulation with vehicle or various concentrations of Epo for an
additional 2 h. Cells were lysed and RNA purified using Trizol reagent (Invitro-
gen). RNA was subjected to reverse transcription with the Superscript first-
strand synthesis system (Invitrogen) and subjected to quantitative PCR analysis
for SOCS3 and glyceraldehyde-3-phosphate dehydrogenase using 6-carboxytetra-
methylrhodamine probes and primers from Applied Biosystems. Relative
amounts of SOCS3 RNA were determined by the 2724t method (20).

Analysis of STAT3 reporter activity. HEK293 cells were transfected in tripli-
cate with the ELR and the appropriate Jak2 constructs plus STAT3-responsive
gamma interferon activated sequence (GAS)-Luc and control Renilla luciferase
plasmids and made quiescent overnight before stimulation with vehicle or vari-
ous concentrations of Epo for an additional 12 h. Cells were lysed and assayed
for firefly and Renilla luciferase using the dual-luciferase reporter assay system
(Promega) on a Victor3 instrument (Perkin-Elmer). Firefly luciferase activity
was normalized to Renilla luciferase activity and plotted.

LC-MS/MS analysis. For preparation of protein for LC-MS/MS analysis, ma-
terial was immunoprecipitated from 5 to 10 15-cm dishes of HEK293 cells and
resolved on a single lane of a 7% SDS-polyacrylamide gel. Jak2 protein was
visualized by staining with Coomassie brilliant blue G-250 (Bio-Rad) and
destaining overnight in 10% methanol, 10% glacial acetic acid. Gel slices con-
taining Jak2 were digested with 5 ng/pl sequencing-grade modified trypsin (Pro-
mega) in 25 mM ammonium bicarbonate containing 0.01% n-octylglucoside for
18 h at 37°C. Peptides were eluted from the gel slices with 80% acetonitrile, 1%
formic acid. Tryptic digests were separated by capillary high-pressure liquid
chromatography (C,g, 75-um-inside-diameter Picofrit column; New Objective)
using a flow rate of 100 nl/min over a 3-h reverse-phase gradient and analyzed using
an LTQ two-dimensional linear ion trap mass spectrometer (ThermoFinnigan).
Resultant MS/MS spectra were matched against mouse Jak2 sequence using
TurboSequest (BioWorks 3.1) with a fragment ion tolerance of <0.5 and amino
acid modification variables including phosphorylation (80 Da) of Ser, Thr, and
Tyr; oxidation (16 Da) of Met; and methylation (14 Da) of Lys. Synthetic
phosphopeptides, corresponding to tryptic sequences derived from Jak2, were
obtained (Boston Biomolecules, Inc.) and analyzed using the LC-MS/MS pro-
tocol described above. MS/MS spectra from these synthetic peptide controls and
Jak2-derived tryptic peptides were compared for correlation of fragmentation
ion m/z and abundance. Peptides were quantified using peak areas generated by
liquid chromatography-selective reaction monitoring (LC-SRM; 2" precursor
ion — 1" fragment ion) for Jak2-derived tryptic peptides TNGISDVQIS(p)
PTLQR (854.9 — 928.5 m/z) and HDFVHGWIK (570.31 — 886.5 m/z) using
internal standards TNGISDVQ(**C/">N-I)S(p)PTLQR (858.7 — 935.5 m/z) and
HDFVHGW('3C/""N-)K (573.47 — 893.6 m/z). Mass spectroscopic analysis was
performed using a sequence of MS (370 to 2,000 m/z) and data-dependent MS?
followed by the four SRM events described above. Precursor and fragment ion
isolation widths were 2 and 3 m/z, respectively.

Phosphatase treatment. Washed immunoprecipitated protein complexes im-
mobilized on protein A-Sepharose were prepared as described above, washed
three times in the absence of phosphatase inhibitors, and either resuspended in
sample buffer immediately or resuspended in phosphatase buffer in the absence
or presence of 200 U of N-phosphatase (New England Biolabs) and incubated for
30 min at 30°C before denaturation in sample buffer. Samples were resolved by
SDS-PAGE and analyzed by immunoblotting as described above.

RESULTS

Phosphorylation of Sers,; on Jak2. Since we are interested
in mechanisms by which Jak2 contributes to LRb signaling, we
undertook to identify sites of Jak2 phosphorylation that may
modulate the activity or signaling of LRb-associated Jak2. We
prepared Jak2 protein by aJak2 immunoprecipitation from
HEK293 cells transfected with Jak2 and an Epo receptor/LRb
chimera (ELR) that places the intracellular domain of LRb
under the control of Epo. We employ this chimeric receptor in
place of native LRb since ELR is expressed at much higher
levels, thus facilitating the study of signaling by the intracellu-
lar domain of LRb in transfected cells (2). Jak2 protein puri-
fied by immunoprecipitation from cells that had been incu-
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bated in the absence or presence of Epo for 15 min was
resolved by SDS-PAGE and visualized by staining with Coo-
massie brilliant blue (data not shown). This Jak2 protein was
subjected to tryptic proteolysis and extracted from the gel, and
the resulting peptides were subjected to LC-MS/MS analysis.
TurboSequest analysis of MS/MS spectra from Jak2-derived
material identified a predicted Jak2 tryptic peptide containing
phosphoserine, TNGISDVQIS(p)PTLQR, with Xcorr scores
of >3.0 for 2% charged precursor (Fig. 1, top panel). The
spectra displayed ions consistent with the neutral ion loss of 49
m/z resulting from the loss of HPO; from doubly charged
phosphoserine-containing peptides. MS/MS spectra corre-
sponding to peptides containing phosphorylated Sers,; from
Jak2 were detected from numerous independent analyses from
both stimulated and unstimulated cells, suggesting that this
residue represents a major site of phosphorylation in intact
cells. In order to confirm the assignment of this phosphoryla-
tion site, phosphopeptides corresponding to the candidate
tryptic Jak2 peptide containing phosphorylated Sers,; and the
closest potential alternative phosphorylation site (Thrs,s) were
synthesized and subjected to LC-MS/MS analysis (Fig. 1, mid-
dle and lower panels). The appearance and relative abundance
of the y4 ion at 614.1 m/z and the neutral loss ion at —49 m/z
correlated with the synthetic peptide containing phosphory-
lated Sers,;, but not the peptide containing phosphorylated
Thrs,s, confirming the identification of Jak2 phosphorylation
at Sers,s.

In order to facilitate the study of the phosphorylation status
of these residues and to study their regulation in intact cells, we
generated and affinity purified an antibody specific for the
phosphorylated form of Sers,; [aJak2(PS523)]. We initially
tested this antibody for phosphorylation-dependent recogni-
tion of Jak2 by examining reactivity with exogenously ex-
pressed Jak2 from 293 cells and the effect of dephosphoryla-
tion on this recognition (Fig. 2A). Cells were transfected with
ELR and Jak2, made quiescent, and incubated in the absence
or presence of Epo for 15 min before immunoprecipitation.
Cells were lysed, and Jak2 was immunoprecipitated; washed
immunoprecipitates were then either directly denatured or
incubated in the presence or absence of alkaline phosphatase
before denaturation. Denatured proteins were resolved by
SDS-PAGE for immunoblotting with aPY, aJak2(PS523), or
aJak2(NT), as indicated. The aJak2(NT) immunoblots dem-
onstrated that, while some Jak2 protein was lost during the
incubation, the presence of the phosphatase during the incu-
bation did not alter the amount of protein retained. Immuno-
blotting with aPY demonstrated the tyrosine phosphorylation
of Jak2 and confirmed the expected increase in Jak2 tyrosine
phosphorylation upon ligand stimulation. Incubation of the
immunoprecipitated Jak2 with alkaline phosphatase almost
entirely abrogated the aPY reactivity of Jak2, suggesting that
this treatment effectively dephosphorylated Jak2. Immunoblot-
ting with aJak2(PS523) revealed similar levels of immunore-
activity in the absence and in the presence of Epo stimulation
and showed that phosphatase treatment abrogated immunore-
activity, demonstrating the phosphospecificity of aJak2(PS523)
reactivity. Stripping of the aJak2(NT) membrane and reprob-
ing with aJak2(PS523)(CS) antiserum provided by the Carter-Su
laboratory (see reference 21a) demonstrated similar phos-
phospecificity of this antiserum, as well.
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FIG. 1. LC-MS/MS identification of Sers,; phosphorylation. Shown
are MS/MS spectra for the Jak2 tryptic peptide phosphorylated at
Sers,; (top) and synthetic peptides TNGISDVQIS(p)PTLOR (mid-
dle) and TNGISDVQISPT(p)LQR (bottom). Sequest assignments of
y" ions are shown in red. Fragment ions corresponding to the neutral
loss of 49 m/z from these doubly charged precursors are shown in
green.

In order to further test the specificity of aJak2(PS523) and
to probe the potential function of Sers,; phosphorylation, we
also generated a phosphorylation site-defective mutant of Jak2
in which Sers,; was replaced by Ala (Jak25°%*4). We trans-



4066 ISHIDA-TAKAHASHI ET AL.

A s &
- o
g & 7
& & s
& £ 3
EPO: - 4+ = 4 - 4
z | 1B:aPY ‘-.-. +— Jak2(PY)
S
2 | 1B: adak2(PS523) ‘--—— «— Jak2(PS523)
=
-]
g ] e—s
= | IB: aJak2(NT) ‘ — . — e — Jak2
C STRIP/REBLOT
IB: aJak2(PS523)(CS) ‘ = l— Jaka(Ps523)
200
E 150
=
<
< 100
=
<
® 50
o |
0
WT- WT+ 523- 523+
E
120
g 100
T 80
=
g 6o
i
k40
.—
“ 20
D A
WT- WT+ 523- 523+
200
=)
< 150
<
2
£ 100 |
L]
3
8 50
7
o A

V- V+ WT- WT+ 523- 523+

MoL. CELL. BIOL.

B ELR

pcDNA3 Jak2 = S523A
EPO: - + - + - +

™ IB: aPY o EBERER — Jak2(PY)
= | 1B: nJak2(PS523) ‘ == | +— Jak2(PS523)
g ~ J
% IB: aJak2(PS523)(CS) I = +~— Jak2(PS523)
2
& | IB: aJak2(PY1007,8) o - - Jak2(PY1007,8)
IB: crJak2(NT) R —— | — Jak2

[ 1B: aSTAT3(PY)

o | 1B:aSTAT3 E.‘_ o v s | +— STAT3
8 |
g. IB: cERK(PT/PY) E T ERK(PTIPY)
IB: cERK | T ERK
-—— e
D
160
£ 140
=
& 120
& 100
S
8 80
> 60
L
~ 40
®
5 20
0
WT- WT+ 523- 523+
140

ERK(PT/PY) (%WT)

120
100
80
60
40
20
0

WT- WT+ 523- 523+

FIG. 2. Specificity of aJak2(PS523) and increased signaling activity
by Jak255234, A, HEK293 cells were cotransfected with ELR plus Jak2,
made quiescent, and incubated for 15 min in the absence (—) or
presence (+) of Epo (10 units/ml). Cells were lysed and immunopre-
cipitated with aJak2(758). Washed immunoprecipitates were either
directly denatured (Regular) or were incubated with (With phos-
phatase) or without (No phosphatase) phosphatase for 30 min at 30°C.
All proteins were resolved by SDS-PAGE and transferred to a nitro-
cellulose membrane for immunoblotting with the indicated antibody.
Lower panel: the aJak2(NT) immunoblot was stripped and reprobed
with an independently prepared aJak2(PS523)(CS). B. HEK293 cells
were cotransfected with ELR plus control plasmid (pcDNA3) or the
indicated Jak2 isoforms (Jak2 and Jak253%*4) made quiescent, incu-
bated in the absence (—) or presence (+) of Epo (10 units/ml) for 15
min, and lysed. Lysates or aJak2(758) immunoprecipitates were re-
solved by SDS-PAGE, transferred to a nitrocellulose membrane, and
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FIG. 3. Phosphorylation of Sers,; on endogenous Jak2. A. Quiescent 32D cells were incubated in the absence (—) or presence (+) of IL-3 (10
ng/ml) for 15 min and lysed. Lysates were immunoprecipitated with aJak2(758). B. Spleens were removed from mice of the indicated genotypes,
lysed, and subjected to immunoprecipitation with aJak2(758) as described in Materials and Methods. Lysates or imnmunoprecipitated proteins were
resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted with the indicated antibodies. The migration of detected
signaling proteins is noted to the right of the panels. The upper panel in panel B was stripped and reprobed with aJak2(NT) to determine the
amount of Jak2 protein present. Each figure is representative of two similar independent experiments. wt, wild type.

fected HEK293 cells with ELR in combination with control
plasmid or plasmids encoding Jak2 or Jak2%%# (Fig. 2B).
Cells were incubated in the absence or presence of Epo and
lysed, and lysates were immunoprecipitated with aJak2(758) or
directly resolved for the determination of downstream ELR
signaling. aJak2(PS523) immunoblotting of aJak2-precipitable
material again demonstrated ligand-independent immunoreac-
tivity; this reactivity was absent in Jak25°%**, Similar results
were obtained with aJak2(PS523) prepared independently by
the Carter-Su laboratory. Thus, aJak2(PS523) reactivity is spe-
cific for phosphorylation of Sers,s;; these data also suggest
either that the basal phosphorylation of Sers,; in HEK293 cells
is very high or that brief stimulation of Jak2 activity is insuffi-
cient to increase the phosphorylation of this site.

The analysis of «PY immunoreactivity again demonstrated the
expected ligand-stimulated tyrosine phosphorylation of Jak2; the
tyrosine phosphorylation of Jak253*** was increased compared to
that of wild-type Jak2 in the absence of ligand stimulation and
only slightly increased over this high baseline level upon Epo
treatment (Fig. 2B). In order to examine whether the increased
overall tyrosine phosphorylation of Jak25%4 was likely to reflect
increased activation of Jak25%4, we performed immunoblot

immunoblotted with the indicated antibodies. The migration of de-
tected proteins is noted to the right of the panels. C to F. Films
corresponding to three independent experiments similar to that shown
in panel B were quantified and the results plotted (means * standard
errors of the means). C and D. Tyrosine-phosphorylated Jak2 and Jak2
phosphorylated on Tyr, g7 1008, T€Spectively, normalized to total Jak2.
E and F. Tyrosine-phosphorylated STAT3 and phosphorylated ERK,
respectively. G. HEK293 cells were cotransfected with ELR plus vec-
tor (V) or Jak2, made quiescent, and incubated for 2 h in the absence
(=) or presence (+) of Epo (10 units/ml). Cells were lysed, and RNA
was prepared and converted to cDNA for quantification of SOCS3
mRNA relative to glyceraldehyde-3-phosphate dehydrogenase
mRNA. Relative expression was calculated by the 2744 method; data
are expressed as means *+ standard errors of the means (n = 3). WT,
wild type.

analysis of Jak2 and Jak2%3%** using oJak2(PY1007,8), which
detects the phosphorylation of the activation loop within the ki-
nase domain of Jak2 and thus reflects the activation of the Jak2
tyrosine kinase. This analysis demonstrated increased phosphory-
lation of Tyr, o5 on Jak253** compared to Jak2 in the basal
state as well as the expected Epo-stimulated increase in phosphor-
ylation. Overexpression of Jak2 with ELR also increased the
ligand-dependent and -independent phosphorylation of the
downstream STAT3 and ERK molecules compared to the levels
observed in cells expressing ELR alone (which mediated some
activation of these signals via endogenous Jak2 in the absence of
overexpressed Jak2 isoforms). The presence of Jak257%*4 in-
creased the phosphorylation of these molecules compared to that
observed with Jak2. While quantification demonstrated that the
increase in these downstream signaling events in cells expressing
Jak2%5334 was not statistically significant compared to cells ex-
pressing Jak2 (perhaps due to the maximal amplitude of these
signals in cells expressing Jak2), the increase in basal activity was
increased by two- to threefold (P < 0.05) by Jak25°%** compared
to Jak2 (Fig. 2C to F).

Furthermore, the expression of endogenous SOCS3 mRNA
(a reflection of ELR-mediated STAT3 activation [27]) was
similarly increased in unliganded cells expressing Jak25334
compared to those expressing Jak2 (P < 0.05). Again, the
failure to detect increased signaling following ligand stimula-
tion may reflect the maximal nature of the signal generated by
overexpressed Jak2 in the presence of ligand especially at short
times of incubation (see below and Fig. 6D). In aggregate,
these data demonstrated that mutation of Sers,; increased the
tyrosine phosphorylation and activity of Jak2, suggesting that
the phosphorylation of Sers,; may inhibit Jak2.

Phosphorylation of endogenous Jak2 on Sers,;. In order to
examine the regulation of Sers,; phosphorylation at endoge-
nous levels of receptor and Jak2, we employed the IL-3-de-
pendent 32D myeloid progenitor cell line, which expresses
endogenous IL-3 receptor and Jak2. Untransfected 32D cells
were made quiescent, incubated for 15 min in the absence or
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presence of IL-3, and lysed. Lysates were immunoprecipitated
with aJak2(758) or directly resolved by SDS-PAGE (Fig. 3).
Immunoprecipitated Jak2 protein was immunoblotted with
aPY, aJak2(PS523), and aJak2(NT), and total lysates were
probed with aSTAT3(PY) and « ERK(PT/PY). As expected,
IL-3 stimulation resulted in increased phosphorylation of Jak2,
STAT3, and ERK, consistent with the known effects of IL-3 in
these cells. Immunoblotting of aJak2(758) immunoprecipitates
with aJak2(PS523) demonstrated the phosphorylation of en-
dogenous Jak2 on Sers,; in these cells in the absence or pres-
ence of IL-3 stimulation. Thus, Sers,; of Jak2 is phosphory-
lated in multiple cell types, and the regulation of Sers,;
phosphorylation is not affected by acute leptin or IL-3 stimu-
lation in HEK293 or 32D cells, respectively.

We also assayed the phosphorylation of Sers,; on Jak2 de-
rived from mouse spleen (Fig. 3B) (we chose to examine spleen
since Jak2 is highly expressed in this tissue, facilitating the
detection of phosphorylated Sers,;). Immunoblotting of Jak2
protein from mouse spleen with aJak2(PS523) demonstrated
that this residue was phosphorylated in mouse tissue, although
its phosphorylation was not detectably altered by leptin defi-
ciency or obesity in obese, leptin-deficient ob/ob mice. Thus,
Sers,5 is phosphorylated on endogenous Jak2 in cultured cells
and tissues. The failure of absent leptin action to appreciably
alter phosphorylation of this site in spleen suggests that the
phosphorylation of Sers,; of Jak2 is regulated by signaling
pathways whose activity converges upon the Jak2 pathway, at
least in this tissue.

Replacement of Sers,; by Glu activates Jak2 in HEK293
cells. Replacement of amino acids with acidic side chains for
Ser or Thr phosphorylation sites on enzymes (such as kinases)
often modestly mimics phosphorylation (4). We therefore re-
placed Sers,; with Glu on Jak2 (Jak25°**E) in order to deter-
mine whether this mutation might mimic phosphorylation of
Sers,;. We transfected HEK293 cells with ELR plus control
plasmid, Jak2, or Jak25°?*F and rendered the cells quiescent
before incubating them in the absence or presence of Epo
for 15 min and lysing them. Lysates were directly resolved
by SDS-PAGE for immunoblotting with «STAT3(PY) and
oERK(PT/PY) or immunoprecipitated with aJak2(758) for
immunoblotting with aPY, aJAK2(PS523), and oJak2(NT)
(Fig. 4). We found that basal Jak25°*** tyrosine phosphoryla-
tion was increased compared to that of Jak2, although the
Epo-stimulated tyrosine phosphorylation of Jak25°**F was sim-
ilar to that of wild-type Jak2. Quantification of tyrosine-phos-
phorylated Jak2 relative to Jak2 expression for two indepen-
dent experiments demonstrated an approximately twofold
increase in the basal tyrosine phosphorylation of Jak253%*F for
each experiment (data not shown); the tyrosine phosphoryla-
tion of ligand-stimulated Jak2%°**F was also modestly in-
creased compared to Jak2 in each experiment. Furthermore,
the basal phosphorylation of STAT3 and that of ERK were
also increased in cells expressing Jak25°%*F compared to cells
expressing Jak2 in each experiment (data not shown). These
data suggest that the substitution of Glu for Sers,, results in an
activated/disinhibited phenotype similar to that for the substi-
tution of Ala for Sers,, at least in the unstimulated state.

Given that the substitution of an acidic residue in place of a
phosphorylation site usually mimics only a minority of the full
phosphorylation-dependent function of the site and that the

MoL. CELL. BIOL.

ELR

pcDNA3 Jak2 S523E
EPO: -+ - + - +

2 [ 18: aPY | e e | «— Jal2(PY)

M~

% IB: aJak2(PS523) -—— «—— Jak2(PS523)
=

o]

a | 1B: aJak2(NT) [ i ..........-—‘4—Jak2

@ | 1B: aSTAT3(PY) ‘ — .._--‘-—STAT&[PY}
g

' | 1B: «ERK(PT/PY) . | E=ERK(PT/PY)

FIG. 4. Replacement of Sers,; by Glu increases Jak2 phosphoryla-
tion and signaling. HEK293 cells were cotransfected with ELR plus
pcDNA3 or the indicated Jak2 isoforms (Jak2 and Jak25°%*F), made
quiescent, incubated in the absence (—) or presence (+) of Epo (10
units/ml) for 15 min, and lysed. Lysates were immunoprecipitated with
aJak2(758). Lysate or immunoprecipitated proteins were resolved by
SDS-PAGE, transferred to a nitrocellulose membrane, and immuno-
blotted with the indicated antibodies. The migration of detected sig-
naling proteins is noted to the right of the panels. The figure shown is
representative of two similar independent experiments.

acidic substitution phenotype is generally observed against the
backdrop of negligible baseline phosphorylation (see, for ex-
ample, reference 4), one reasonable explanation for the in-
creased basal activity of Jak25°**F would be the virtually stoi-
chiometric phosphorylation of Sers,; in HEK293 cells. Under
these conditions, the presence of Glu in place of Sers,; would
be expected to inhibit Jak2 less well than the presence of
phosphorylated Sers,; on virtually every Jak2 molecule. This
interpretation is also consistent with the apparently high
phosphorylation of Sers,; on Jak2 in the baseline and stim-
ulated states in HEK293 and 32D cells, as high-stoichiom-
etry phosphorylation in the baseline state would render it
impossible to observe increased phosphorylation following
ligand stimulation.

High-stoichiometry phosphorylation of Sers,; in HEK293
cells. We thus employed LC-SRM using mass-tagged synthetic
peptide standards (13) in order to examine the stoichiometry
of Sers,; phosphorylation on Jak2 from HEK293 cells. Jak2
was isolated from unstimulated and Epo-stimulated HEK293
cells, as described for Fig. 1 (Fig. 5A). Six picomoles of TNG
ISDVQ(**C/**N-1)S(p)PTLQR and HDFVHGW(**C/**N-I)K
were added to both Jak2 tryptic digests, and LC-SRM was
performed as described in Materials and Methods. The mass-
tagged peptides and corresponding Jak2-derived peptides
eluted with identical retention times (Fig. 5B). Area under the
curve was calculated for the SRM peak, and peptide amounts
were calculated from standard curves of mass-tagged peptides.
The concentration of HDFVHGWIK was used to estimate the
amount of total Jak2 present and compared with the amount of
TNGISDVQIS(p)PTLQR in each sample. Multiple LC-SRM
experiments revealed that approximately 80 to 95% of Jak2
molecules from HEK293 cells are phosphorylated on Sers,s
under the conditions employed for this analysis, with no detect-
able difference between stimulated and unstimulated HEK293
cells (Fig. 5B). The completeness of Sers,; phosphorylation in
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FIG. 5. Stoichiometry of phosphorylation of Sers,; from HEK293 cells. A. Untransfected HEK293 cells or cells transfected with ELR plus Jak2
were made quiescent, incubated in the absence (—) or presence (+) of Epo (10 units/ml) for 15 min, and lysed. Lysates were immunoprecipitated
with aJak2(758), and immunoprecipitates were resolved by SDS-PAGE for immunoblotting with the indicated antibodies or for detection of
proteins by staining with Coomassie brilliant blue. The migration of proteins is indicated to the right of the panels. B. Coomassie blue-stained Jak2
protein from panel A was digested with trypsin, mixed with synthetic mass-labeled internal standards, and subjected to LC-SRM analysis for the
quantitative determination of total and Sers,;-phosphorylated Jak2. A representative LC-SRM analysis (from two separate analyses) of tryptic
peptides derived from unstimulated Jak2 (top panels) and internal peptide standards (bottom panels) is shown. Fragment ions that were monitored
are underlined. I* indicates location of mass label (six '*C and one "°N). Peptide amounts were calculated from peak areas and standard curves.

cultured cells suggests its importance in the regulation of Jak2
function.

Phosphorylation of Sers,; independently of Jak2 kinase ac-
tivation in HEK293 cells. Tyr,,, lies in the activation loop of
Jak2 and is required for the activation of the catalytic activity
of Jak2 (7); thus, the replacement of Tyr, ., by Phe abrogates
kinase activity in Jak2¥'%°’F In order to examine whether Jak2
kinase activation was required to promote the phosphorylation
of Sers,; in HEK293 cells, we transfected these cells with the
cDNAs encoding ELR plus Jak2, Jak25°%** or Jak2Y'07F
(Fig. 6A). Cells were made quiescent and incubated in the
absence or presence of Epo for 15 min before lysis. Lysates
were immunoprecipitated with aJak2(758) for immunoblotting
with aPY, aJak2(PS523), and aJak2(NT) or directly resolved by
SDS-PAGE for immunoblotting with oSTAT3(PY) and
aERK(PT/PY). As expected, the tyrosine phosphorylation of
Jak2 and the phosphorylation of STAT3 and ERK were increased
in cells expressing Jak253%** compared to cells expressing Jak2,
while the tyrosine phosphorylation of Jak2¥'%°’F was undetect-
able. The phosphorylation of STAT3 and ERK in cells expressing
Jak2Y'07F wag also decreased compared to cells expressing Jak2
(the remaining signaling was presumably due to the activity of
endogenous Jak2 in HEK293 cells, as seen in Fig. 2 and 4, above).
The phosphorylation of Sers,; in Jak2¥'%"F was detected at sim-
ilar levels both in the absence and in the presence of ligand
stimulation and at levels comparable to those observed in Jak2.
These data suggest that the kinase activity of Jak2 is not required
for the phosphorylation of Sers,; in HEK293 cells and that con-
verging signaling pathways that can be activated independently of
Jak2 are thus responsible for the phosphorylation of Sers,; in
these cells.

Additive functions of Sers,; and Tyrs,, in the regulation of
Jak2 activity. We and others have previously demonstrated

that the phosphorylation of Tyrs,, on Jak2 inhibits Jak2-de-
pendent signaling (1, 6). Given the relative proximity and sim-
ilar functions of Sers,; and Tyrs,,, we generated a Jak2 mol-
ecule containing nonphosphorylatable amino acid substitutions
at each of these sites (Jak253**4/Y57%F) in order to examine the
possibility of interaction between these two sites (Fig. 6B to
D). HEK293 cells transfected with ELR alone or in combina-
tion with Jak2, Jak255234 Jak2Y>70F or Jak2S523A/YS70F were
made quiescent overnight, incubated in the absence or pres-
ence of Epo for 15 min, and lysed. In this case, we decreased
the amount of Jak2 isoform DNA that was transfected in each
case by a factor of 3.3 compared to that used in preceding
figures in order to decrease the amplitude of the effects of the
mutations and thus permit the more facile determination of
differences between these Jak2 isoforms. Lysates were immuno-
precipitated with aJak2(758) for immunoblotting with aJak2
(PY1007,8), aJak2(PS523), and aJak2(NT) (Fig. 6B). The
baseline activation of each of the single point mutants was
increased compared to Jak2, as judged by the activation-
loop-specific tyrosine phosphorylation; the phosphorylation
of the double Jak25>23A/Y37%F mytant was increased beyond
that observed with the single point mutants (quantification
of phosphorylation normalized to Jak2 protein levels in two
independent experiments is shown in Fig. 6C). As expected,
phosphorylation of Sers,; was absent in Jak25°%# and
Jak2S323AYSTOF - and phosphorylation of Tyrs,, was absent
in Jak2Y57OF and Jak25523A/Y570F.

In order to quantitatively examine the ligand sensitivity of
these mutants, we cotransfected them with ELR plus a STAT3-
responsive GAS-luciferase reporter plasmid and examined the
effect of these Jak2 mutants on STAT3-mediated transcription
in response to various submaximal doses of Epo (Fig. 6D). This
analysis demonstrated that each Jak2 mutant mediated in-
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FIG. 6. Role of Jak2 kinase activity in the phosphorylation of Sers,; and independent roles for Sers,; and Tyrs,, in Jak2 regulation. A. HEK293 cells
were cotransfected with ELR plus Jak2, Jak25°%*4, or Jak2¥'%""; made quiescent; incubated in the absence (—) or presence (+) of Epo (10 units/ml)
for 15 min; and lysed. Lysates were immunoprecipitated with aJak2(758). Lysates or immunoprecipitated proteins were resolved by SDS-PAGE,
transferred to nitrocellulose membranes, and immunoblotted with the indicated antibodies. The migration of detected signaling proteins is noted to the
right of the panels. B and C. HEK293 cells were cotransfected with ELR plus pcDNA3, Jak2 (WT), Jak25523 (523), Jak2Y>7F (570), or Jak2S3234/¥S70F
(A/F); made quiescent; incubated in the absence (—) or presence (+) of Epo (10 units/ml) for 15 min; and lysed. Lysates were immunoprecipitated with
aJak2(758). Lysates or immunoprecipitated proteins were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted with
the indicated antibodies. The migration of detected signaling proteins is noted to the right of the panels. Each panel is representative of two independent
experiments. The phosphorylation of each of these Jak2 isoforms on Tyr, ;s was quantified in each of these experiments and is plotted in panel C. D.
HEK293 cells were cotransfected with ELR, GAS-luciferase, and control plasmids, plus pcDNA3, Jak2 (WT), Jak255%4 (523), Jak2¥>™F (570), or
Jak2S5BAYSTOF (A /F): made quiescent; incubated in the indicated concentration of Epo for 12 h; and lysed for assay of luciferase activity. Mean luciferase
activity normalized to control is plotted (* standard errors of the means) (n = 3). WT, wild type.

creased STAT3-mediated transcription compared to wild-type ~ plasmid, Jak2, or Jak253>** (Fig. 7). Since the dephosphorylation
Jak2 at each dose of ligand tested (P < 0.001) and demon- and attenuation of STAT3 signaling are modest over the first 24 h
strated that the double mutant mediated increased reporter of stimulation (5) and since the first phase of ERK signaling
activity compared to the single mutants at baseline and the attenuates very rapidly, we did not analyze the phosphorylation of
lowest dose of Epo (0.1 units/ml) tested (P < 0.05). Overall, these proteins in this assay but rather focused upon the tyrosine
these data demonstrate independent and additive effects of ~ phosphorylation of Jak2 and Jak25°**#, Cells were incubated with
Sers,; and Tyrs,, in the inhibition of Jak2 activity, as well as maximal amounts (10 units/ml) of Epo for various times up to 8 h
demonstrating increased ligand sensitivity of Jak2 molecules and lysed. Immunoprecipitated Jak2 protein was resolved by
defective for phosphorylation of either or both of these sites. SDS-PAGE and immunoblotted with aPY, aJak2(PS523), and

Increased and prolonged signaling by Jak25°%*4, The observed ~ «Jak2(NT) (Fig. 7A and B). In two independent experiments,
increase in ELR signaling in the presence of Jak25°%** compared ~ immunoblotting with «PY demonstrated the expected rapid Epo-
to Jak2, above, suggested that mutation of the Sers,; phosphory- stimulated increase in tyrosine phosphorylation of Jak2 and the

lation site might increase the amplitude and/or duration of sig- expected decrease in tyrosine phosphorylation of Jak2 after ap-
naling by the intracellular tail of LRb. We thus examined the proximately 30 min of stimulation, as previously reported (5, 6).
possibility that Sers,; regulates the attenuation of Jak2-depen- While Epo stimulation also increased the tyrosine phosphoryla-

dent signaling by studying the temporal regulation of Jak2 phos-  tion of Jak255%*#, the tyrosine phosphorylation of Jak253%** again

phorylation in HEK293 cells transfected with ELR and control reached much higher levels of activation than Jak2 and did not
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attenuate appreciably over the 8 h of stimulation. Furthermore,
differences in tyrosine phosphorylation between Jak2 and
Jak2%5%34 were more pronounced after 30 to 60 min of stimula-
tion, suggesting that the differences between Jak2 and Jak25°%4
at 15 min of stimulation in the preceding figures underestimate
the magnitude in the differences between these two molecules. In
order to facilitate the comparison of signal activation and atten-
uation between Jak2 and Jak25°%*, we quantified and graphed
the tyrosine phosphorylation of each Jak2 isoform relative to Jak2
expression for each of these molecules in the experiments shown
(Fig. 7C), demonstrating the increased duration of signaling in
cells expressing Jak25°%4 following a maximal stimulus. These
data suggest that Sers,; is required for the normal attenuation of
Jak2 phosphorylation following ligand stimulation. Interestingly,

cells were serum deprived for longer than in the preceding exper-
iments, some increased phosphorylation of Sers,; on Jak2 was
detected at brief times of stimulation. This result is consistent with
the idea that high baseline activation of a variety of signaling
pathways in HEK293 cells may result in high baseline phosphor-
ylation of Sers,; but that increased times of serum starvation may
decrease this activity to yield somewhat lower stoichiometry of
Sers,; phosphorylation at baseline, such that activation of ELR-
Jak2 signaling results in increased Sers,; phosphorylation.

DISCUSSION

Using LC-MS/MS analysis of Jak2 protein purified from
HEK293 cells, we have identified Sers,5 as the first-described
site of serine phosphorylation on Jak2. This site is phosphory-
lated in multiple cell types, including on endogenous Jak2
protein in the IL-3-dependent 32D myeloid progenitor cell line
and in mouse spleen. Taken together, these data demonstrate
the physiologic phosphorylation and likely relevance of Sers,;
in the regulation of Jak2 function. Indeed, our analysis sug-
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gests that the phosphorylation of Sers,; inhibits Jak2-depen-
dent signaling, as Jak2 molecules containing nonphosphor-
ylatable substitution mutants for Sers,; exhibited enhanced
signaling: cells expressing Jak2 substitution mutants for Sers,s
consistently demonstrated increased phosphorylation of Jak2
(overall tyrosine phosphorylation and on the activating
Tyrp975), STAT3, and ERK. For each of these molecules,
increased phosphorylation is tantamount to increased signaling
activity, as suggested by increased STAT3 transcriptional ac-
tivity on a reporter plasmid and on the endogenous SOCS3
promoter. The increased activation of STAT3 (the activation
of which is initiated predominantly via the phosphorylation of
Tyr, 35 on the intracellular tail of LRb) (2, 23) in cells express-
ing mutants for Sers,; suggests that the increased activity of
Jak253%34 occurs in association with cytokine receptors (as well
as potentially in the absence of cytokine receptor association).
Indeed, Jak25°%** not only demonstrates increased signaling in
the unstimulated condition but also increases the ligand sen-
sitivity of signaling by the intracellular domain of LRb and
impairs the normal attenuation of Jak2 phosphorylation during
prolonged ligand stimulation.

Overall, our data suggest that the phosphorylation of Sers,;
inhibits Jak?2 signaling. This is consistent with the known effects
of serine phosphorylation in the inhibition of a variety of other
tyrosine kinases and their downstream signaling pathways and
previous reports suggesting an inhibitory effect of increased
overall Ser/Thr phosphorylation on Jak2 (12, 18, 26, 29, 30).
While the exact mechanism of this inhibition is not clear, the
findings of increased basal activity and increased duration of
signaling during cytokine receptor activation in Jak25°%** sug-
gest that phosphorylation of Sers,; may act to inhibit the en-
zymatic activity of the Jak2 tyrosine kinase, rather than altering
the transmission of the activating signal from the ligand/recep-
tor complex to the associated Jak2 molecule.

Sers,5 is not conserved among other Jak kinase family mem-
bers. Thus, this regulatory phosphorylation event is likely to be
unique to Jak2. This residue lies within a stretch of approxi-
mately 15 amino acids within the region between the SH2-like
domain and JH2 domains of Jak2 and is poorly conserved in
other Jak kinases. In one predicted model of the overall structure
of Jak2 (14), this region forms a loop that directly overlies the
interface between the SH2-like and JH2 domains, and this loop
projects Sers,; directly toward a closely apposed tyrosine kinase
domain. Thus, phosphorylated Sers,; could theoretically regulate
the activity of the Jak2 tyrosine kinase by modifying the overall
conformation of the JH2/SH2-like domain interface and thus the
tertiary structure of Jak2, or it could directly impinge upon the
kinase domain to regulate its activity.

Given the proximity of Sers,; to the JH2 domain and the
previously reported role for the JH2 tyrosine phosphorylation
site (Tyrs,,) in inhibiting Jak2 activity, we explored the possi-
bility that these sites might operate in an interdependent man-
ner. This analysis demonstrated that the phosphorylation of
Sers,; was independent of Tyrs,, and that mutation of Sers,s
further activated a Jak2 molecule with a substitution mutation
at Tyrs,,, demonstrating that the effect of Sers,; is indepen-
dent of Tyrs,, and suggesting that the phosphorylation of each
site represents an independent mechanism for Jak2 inhibition.
This independence of Sers,;- and Tyrs,,-mediated inhibition
of Jak2 activity is consistent with the likely requirement for the
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regulation of Jak2 activity by numerous pathways within a
given cell and is also consistent with the different mechanisms
by which these two sites are regulated. Not only is the phos-
phorylation of these sites mediated via different kinases (Tyrs
by Jak2-mediated autophosphorylation and Sers,; by an un-
known serine kinase), but the phosphorylation of Sers,; is also
apparently high in unstimulated cells and not dependent upon
the activity of Jak2 in HEK293 cells.

We have found it difficult to detect regulation of Sers,;
phosphorylation in HEK293 or 32D cells. Based upon the
finding that mutation of Sers,5 to Ala or Glu activates Jak2, we
hypothesized that the phosphorylation of Sers,; may be close
to stoichiometric in unstimulated HEK293 cells under our
usual conditions. Under these conditions, the presence of Glu
in place of Sers,; might be expected to inhibit Jak2 to some
extent compared to the Ala mutant but would inhibit much less
well than the presence of phosphorylated Sers,; on virtually
every Jak2 molecule. Furthermore, high levels of Sers,; phos-
phorylation in unstimulated cells would render it difficult to
stimulate further phosphorylation of the residue. Indeed, our
LC-SRM analysis with mass-labeled peptide standards demon-
strated that the stoichiometry of Sers,; phosphorylation ap-
proached unity in unstimulated and Epo-stimulated HEK293
cells expressing exogenous ELR and Jak2. The finding of phos-
phorylated Sers,; on endogenous Jak2 from 32D cells and
mouse spleen coupled with the observed high stoichiometry of
Sers,; phosphorylation in HEK293 cells suggests the potential
physiologic importance of Sers,; phosphorylation in the regu-
lation of Jak2 function. Furthermore, the finding that neither
leptin (in spleen) nor Jak2 activity (in transfected HEK293
cells) is required for the phosphorylation of Sers,; suggests the
importance of converging signaling pathways for the regulation
of LRb-Jak2 signaling by this phosphorylation event.

Furthermore, while a Pro lies directly COOH terminal to
Sers,s, 30 to 60 min of inhibition of Pro-directed Ser/Thr kinases
(e.g., ERK) in HEK293 cells failed to alter the phosphorylation of
Sers,; (see Fig. S1 in the supplemental material). It is important
to note that in the presence of very high baseline phosphorylation
of Sers,5, however, the failure of this inhibitor to block phosphor-
ylation could reflect a low rate of dephosphorylation, rather than
the irrelevance of these kinases. Indeed, the Carter-Su laboratory,
which independently identified and studied the phosphorylation
of Sers,s, describes in reference 21a the MEK-dependent regu-
lation of Sers,; phosphorylation by growth hormone in 3T3-
F442A preadipocytes. We do not attribute this discrepancy in our
findings to differences in antibody preparation, as we have used a
highly purified antibody (see Materials and Methods) and have
recapitulated our results from HEK293 cells with aJak2(PS523)
antisera provided by the Carter-Su laboratory (Fig. 2). Rather, we
hypothesize that the observed differences in the regulation of
Sers,; phosphorylation reflect differences in cell systems, in which
3T3-F442A cells are more fully quiescent than HEK293 cells
(which contain high levels of tyrosine-phosphorylated IRS-4 even
following prolonged starvation) or 32D cells (which can be de-
prived of growth factor for only a few hours prior to study lest they
become apoptotic), such that the endogenous Jak2 protein from
3T3-F442A cells may contain significantly less phosphorylated
Sers,; on a per-mole basis than that from HEK293 or 32D cells.
Indeed, not only is the phosphorylation of Sers,; detectable at
baseline in 3T3-F442A cells but prolonged serum starvation of
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HEK?293 cells appears to lower baseline phosphorylation of
Sers,s, enabling the detection of regulation of Sers,; phosphory-
lation during signaling by the intracellular domain of LRb. Thus,
in aggregate, the phosphorylation of Sers,; can likely function to
mediate feedback inhibition of Jak2 activity during cytokine stim-
ulation as well as inhibiting Jak?2 signaling downstream of other,
Jak2-independent, pathways within the cell.

While determining the exact mechanism by which phosphor-
ylation of Sers,; inhibits Jak2 signaling will require further
study, it is clear that the phosphorylation of this site represents
an important mechanism by which Jak2-dependent signaling is
regulated. Enhancing the phosphorylation of Sers,; would nec-
essarily decrease the strength of Jak2-dependent signals and
could underlie impaired signaling by Jak2-dependent cyto-
kines, such as leptin in the leptin resistance that accompanies
common forms of obesity (8, 10, 22). On the other hand,
impairment of Sers,; phosphorylation or Sers,;-mediated in-
hibition would be expected to increase cytokine action, as in
autoimmunity or tumor promotion (25). Further investigation
will be required to determine the role of Jak2 inhibition via
Sers,5 phosphorylation in these and other disease processes.
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