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Abstract

Four cysteine residues (Cys866, Cys917, Cysl094, and Cys1105) have direct roles in
cooperatively regulating Janus kinase 2 (JAK?2) catalytic activity. Additional site-directed
mutagenesis experiments now provide evidence that two of these residues (Cys866 and Cys917)
act together as a redox-sensitive switch, allowing JAK2's catalytic activity to be directly regulated
by the redox state of the cell. We created several variants of the truncated JAK2 (GST/
(NA661)rJAK?2), which incorporated cysteine-to-serine or cysteine-to-alanine mutations. The
catalytic activities of these mutant enzymes were evaluated by in vitro autokinase assays and by in
situ autophosphorylation and transphosphorylation assays. Cysteine-to-alanine mutagenesis
revealed that the mechanistic role of Cys866 and Cys917 is functionally distinct from that of
Cysl094 and Cys1105. Most notable is the observation that the robust activity of the
CC866.917AA mutant is unaltered by pretreatment with dithiothreitol or o-iodosobenzoate, unlike
all other JAK?2 variants previously examined. This work provides the first direct evidence for a
cysteine-based redox-sensitive switch that regulates JAK?2 catalytic activity. The presence of this
redox-sensitive switch predicts that reactive oxygen species can impair the cell's response to JAK-
coupled cytokines under conditions of oxidative stress, which we confirm in a murine pancreatic
pB-islet cell line.
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Biological redox (reduction/oxidation) reactions remain poorly understood despite their
importance to most normal physiological and many pathophysiological processes [1,2].
Redox reactions normally regulate vascular tone [3], platelet activation [4], and the immune
response [5]. When redox homeostasis is compromised and chronic oxidative stress persists,
the pathophysiological consequences can include hypertension [6], chronic obstructive
pulmonary disease [7], and diabetic nephropathy [8]; oxidative damage is also an important
component of the free radical theory of aging [9,10]. Given that redox regulation is central
to cellular homeostasis and given the broad role of Janus protein-tyrosine kinase 2 (JAK2)3
in signal transduction, our lab has sought to ascertain the molecular basis for JAK2's
response to the cellular redox state. JAK2 is one of four mammalian JAK isoforms, the
others being TYK2 (tyrosine kinase 2), JAK1, and JAK3. JAK2 plays a profound role in the
biology of cells of hematopoietic and epithelial origin [11,12] and is essential to normal

© 2012 Elsevier Inc. All rights reserved.

"Corresponding author. Fax: +1 601 984 1637. RDUHE@umc.edu (R.J. Duhg).
These authors contributed equally to this work.
3current address: College of Osteopathic Medicine, William Carey University, Hattiesburg, MS 39401, USA.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 2

physiological development [13,14], based largely on its essential role in transducing signals
initiated by numerous cytokines including interleukin-3, erythropoietin, growth hormone,
leptin, and prolactin.

Redox reactions affect JAK?2, yet there remains disagreement as to whether JAK catalysis is
inhibited or enhanced under oxidized conditions. Reactive oxygen species (most commonly
hydrogen peroxide) appear to stimulate JAK/STAT activity in some cells [15-18]. In
contrast, oxidative stress inhibits JAK activity in hematopoietin receptor systems, including
leptin [19], IL-3 [20], IL-2 [21,22], CNTF [23,24], and interferon-a [25]. Interestingly, the
JAK?2-mediated signaling outcome after hydrogen peroxide exposure is dependent on the
cell line used [23]. This raises the question of whether redox regulation of JAK2 activity
depends on any intrinsic structural elements of JAK2 or whether redox regulation is solely
due to indirect control exerted through other redox-sensitive molecules such as protein-
tyrosine phosphatases [26—29]. Site-directed mutagenesis experiments allowed us to show
that four cysteines in the JAK2 kinase domain (Cys866, Cys917, Cysl094, and Cys1105)
cooperatively maintained JAK2's catalytic competency [30]. Within the bilobate architecture
of the catalytic domain, Cys866 and Cys917 are located on separate B-sheets near the ATP-
binding site in the N lobe, whereas Cysl094 and Cys1105 are located on opposite ends of an
a-helix in the C lobe [31]. The significant physical distance between these two cysteine
pairs suggests that the N-lobe and C-lobe cysteines may serve different functions. However,
the functions of these two pairs of cysteines are unknown, and it is unknown if either or both
of these cysteine pairs function as the elusive redox switch.

As a follow-up to earlier experiments involving cysteine-to-serine substitutions that
conserved the polar characteristics of cysteine [30], we now report on experiments involving
site-directed substitution of apolar alanine residues for the four critical cysteine residues
(Csy866, Cys917, Cysl094, and Cys1105). Originally, we expected that such conservative
substitutions (with respect to steric considerations) would provide a way to assess the
functional importance of polarity at these sites. Our unexpected results show that the N-lobe
residues Cys866 and Cys917 function together as a redox-sensitive activity switch that could
directly couple the cellular redox state to control of enzymatic activity. Given the many
biological roles of JAK2 and the range of diseases in which chronic oxidative stress is of
reputed significance, it would be interesting to test this prediction in an unexamined system.
Although the oxidative inhibition of JAK signaling has already been examined in several
cytokine systems [19-25], it has not yet been examined in either the growth hormone or the
prolactin systems.

Growth hormone (GH) and prolactin, two hormones essential for normal development of
pancreatic islet function and insulin secretion [32,33], require JAK2 as an essential signal
transducer to activate STATS5 in the pancreas [34]. Transgenic animal models demonstrate
the need for functional prolactin receptors [35], growth hormone receptors [36], and STAT5
[37] in preserving functional pancreatic B-islet cell mass. Given that the progressive loss of
functional pancreatic p-islet mass is the central pathogenic event in type 1l diabetes mellitus,
and given the consensus that chronic oxidative stress is a major contributing factor to the
demise of the pancreatic B-islet cell [38], it is reasonable to assume that if JAK2 were
inhibited under the cellular conditions associated with type Il diabetes, this would help to
explain how chronic oxidative stress leads to the loss of functional pancreatic p-islet mass.
In this article we therefore conduct a preliminary test of the prediction that oxidative
pretreatment of pancreatic B-islet cells blocks the ability of either growth hormone or
prolactin to stimulate STAT5 phosphorylation, consistent with the result expected if
oxidative stress places the redox switch in the “inhibitory position” in these cells. This
finding would have significance for type Il diabetes and other diseases involving chronic
oxidative stress.

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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Material and methods

Construction of recombinant baculoviruses

The recombinant baculoviruses producing the hyperactive GST/ (NA661)rJAK2 enzyme,
the inactive GST/(NA661)rJAK2(K882E) and GST/rJAK2(K882E) enzymes, and the four
cysteine-to-serine GST/ (NA661)rJAK2 mutants have been previously described [30,39].
The four cysteine-to-alanine mutants used in this study were constructed via site-directed
mutagenesis of the pACGHLT-A:(NA661)rJAK2 transfer vector using the QuikChange site-
directed mutagenesis kit (Stratagene) as described below. After DNA sequence analysis to
verify the mutations, these transfer vectors were used to generate recombinant
baculoviruses, as previously described [39].

Site-directed mutations were cumulatively introduced into a baculoviral transfer vector until
all targeted cysteine codons were converted to serine or alanine codons. After DNA
sequence verification, recombinant baculoviruses were generated, isolated, and amplified,
and the infectious titers were ascertained as described [40].

Site-directed mutagenesis

The pAcGHLT-A:(NA661)rJAK2 transfer vector was used as a template and the following
primer sets were used: 5'-CGGGTCATAGCGGGCCATCTCCACACTCC-3" and 5’-
GGAGTGTGGAGATGGCCCGCTATGACCCG-3’ to convert Cys866 to Ala, 5'-
GAAGTACAAGGGAGTGGCCTA-CAGTGCTGGTCG-3" and 5'-
CGACCAGGACTGTAGGCCACTCCCTTGTACTTC-3’ to convert Cys917 to Ala, 5'-
CTGCCGAGACCAGAAGGGGCCCCAGACGA-GATTTATG-3  and 5'-
CATAAATCTCGTCCTGGTCTCGGCAGTGGGGCCCCTT-3" to convert Cys1094 to
Ala, and 5" -GTGATCATGACAGAAGCCTGGAA-
CAACAATGTCAACCAACGTCCC-3" and 5'-GGGACGTTGGTTGACATTGT-
TGTTCGAGGCTTCTGTCATGATCAC-3’ to convert Cys1105 to Ala.

Mutagenesis was performed with the QuikChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer's protocol, except that the extension steps were 21 min long.
After the bacterial transformation step, DNA was isolated from a single bacterial colony,
and the desired point mutation was verified via DNA sequencing (Davis Sequencing, Davis,
CA, USA) before generating the recombinant baculovirus as described above.

Nomenclature of mutants described in this article

We use an abbreviated nomenclature to indicate the nature and location of the cysteine
mutants (e.g., CC866,917AA or CC1094,1105AA for pairwise substitutions; 4C:4A for
substitution of all four cysteines). To emphasize that all of these mutants were derived from
a GST-tagged, amino-terminally truncated, hyperactive JAK2, we refer to the parental form
as GST/(NA661)rJAK2. We refer to the inactive substrate protein as GST/rJAK2(K882E) to
avoid confusion with the inactive kinase K882E mutant derived from the parental GST/
(NA661)rJAK2.

Production and immunoprecipitation of recombinant JAK2 proteins

Sf21 cells were counted, seeded onto tissue culture dishes, and allowed 20 min to attach
before infection with recombinant baculoviruses. Recombinant baculoviruses were used
singly or in combination to infect cells at a multiplicity of infection of 10. Cells were then
incubated at 27 °C for 72 h, harvested via centrifugation, and stored at — 80 °C until lysis.

At aratio of 1 ml to 1 x 107 cells, infected cells were lysed with insect cell lysis buffer (1%
Triton X-100, 130 mM NacCl, 10 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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phosphate, 16 png/ml benzamidine HCI, 10 pg/ml phenanthroline, 10 pg/ml aprotinin, 10
pg/ml leupeptin, 10 pg/ml pepstatin A, 1 mM phenylmethanesul-fony! fluoride, 10 mM
Tris—Cl, pH 8.0) at 4 °C for 2 h [41]. Cell lysates were centrifuged at 10,000 g for 15 min
and the insoluble fraction was removed. The JAK2-rich lysate was incubated overnight at 4
°C with anti-JAK2 antiserum followed by a 2-h incubation with protein A—-Sepharose. The
immobilized JAK?2/antibody/protein A—Sepharose complexes were recovered by
centrifugation (3000 g for 5 min at 4 °C) and washed three times with insect cell lysis
buffer.

Redox pretreatment and in vitro radiolabeling autokinase assay

The immobilized JAK?2/antibody/protein A—Sepharose complexes were incubated for 1 h at
4 °C with 1 ml of the reducing agent dithio-threitol (DTT; 10 mM) or the oxidizing agent
ortho-iodosobenzoate (o-1BZ; 2.5 mM). Samples were then centrifuged (500 g for 5 min),
the supernatant was discarded, and immune complexes were washed three times with insect
cell lysis buffer. Before the final wash, each sample was divided into two equal aliquots.
One aliquot was prepared for Western blot analysis (stored at — 20 °C if necessary). The
other aliquot was incubated with mixing for 20 min at room temperature in 100 | of
radioactive autokinase cocktail (250 wCi/ml [y-32P] ATP, 5mM MgCl,, 5 mM MnCl,, 50
mM NaCl, 100 .M NayVOg3, 10 mM Hepes, pH 7.6). After 20 min, samples were
centrifuged, washed three times, and then prepared for SDS-PAGE and Phosphor-Imager
(Molecular Dynamics/GE Healthcare) analysis. For most experiments, the intensity of each
of the radioactive autokinase signals was calculated as a percentage of the GST/
(NA661)rJAK?2 autokinase signal and then normalized to the anti-JAK2 signal intensity
relative to GST/(NA661)rJAK2, as previously described [30].

The mouse pancreatic p-islet cell line BTC-6 was purchased from the ATCC (Catalog No.
CRL-11506). These cells were routinely maintained in glucose-free RPM1 1640
(Mediatech, Catalog No. 15-043-CV) supplemented with 5.6 mM D-glucose, 10% heat-
inactivated fetal bovine serum (FBS), 10 mM Hepes, 100 1U/ml penicillin, 200 pg/ml
streptomycin, 2.5 pg/ml amphotericin B in a 37 °C, 5% CO, incubator. Before cytokine
stimulation, BTC-6 cells were incubated 21-22 h in quiescence medium (supplemented
RPMI 1640 containing 5.6 mM glucose, but only 0.3% heat-inactivated FBS),
hyperglycemia medium (quiescence medium containing 25 mM glucose), or AG490
medium (quiescence medium containing 20 LM AG490). Where indicated, cells were then
preincubated with varying concentrations of hydrogen peroxide for 30 min before cytokine
stimulation. Cells were then stimulated for 15 min with or without 15 nM recombinant
mouse prolactin or 15 nM recombinant mouse growth hormone; recombinant hormones
were obtained from Dr. A.F. Parlow (National Hormone & Peptide Program, Torrance, CA,
USA).

Cells were immediately placed on ice, washed with cold phosphate-buffered saline, and then
lysed by scraping in the presence of RIPA (1.0% v/v NP-40, 0.5% w/v sodium
deoxycholate, 0.1% w/v sodium dodecyl sulfate, 150 mM NaCl, 50 mM Tris-Cl, pH 7.6)
containing protease (Millipore, Catalog No. 20-201) and phosphatase inhibitors (Sigma,
Catalog No. P5726), followed by transfer to pre-chilled tubes, vigorous pipetting, and end-
over-end rotation for 1 h at 4 °C. Clarified cell lysates were precleared with protein A-
Sepharose and then immunoprecipitated with anti-STAT5 antibodies and processed for
SDS-PAGE and Western blot analysis essentially as described elsewhere, substituting RIPA
buffer for insect cell lysis buffer.

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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SDS-PAGE and Western blotting

Immobilized JAK2/antibody complexes were boiled for 3 min in 30 .l SDS-PAGE sample
buffer and resolved by 7.5% SDS-PAGE (1 x 106cells/lane). Gels were transblotted onto
Immobilon-P transfer membranes (Millipore) and probed with anti-JAK2 (Upstate
Biotechnology, No. 06-255) or anti-phosphoSTAT5(Tyr694) (Cell Signaling, No. 9351S),
washed three times, probed with peroxidase-conjugated secondary antibodies, and washed
three times again, and the proteins were visualized using an enhanced chemiluminescence
system (ECL; GE Healthcare). The relative intensity of the anti-JAK2 or anti-STATS5 signal
was estimated from digital scans of the film using ImageQuant 5.2 software (Molecular
Dynamics/GE Healthcare). In some experiments the membrane was then “stripped” via 30
min incubation in 100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris—HCI, pH 6.7, at 50
°C. The membrane was then reprobed with anti-phosphotyrosine antibody (4 G 10; Upstate
Biotechnology, No. 05-321) or anti-STATS5 (Santa Cruz Biotechnology, No. sc-835),
washed three times, probed with peroxidase-conjugated secondary antibodies, washed three
times again, and visualized using ECL. In some experiments the membranes were stripped a
second time and reprobed with anti-phosphoJAK2 antibody (Upstate Biotechnology, No.
07-606) to assess the phosphorylation of the activation loop tyrosines Tyr1007/1008.
Selection of peroxidase-conjugated secondary antibodies was based on whether the primary
antibodies were raised in rabbit (KPL, No. 074-1516) or as a mouse monoclonal antibody
(KPL, No. 074-1806).

Statistical analyses

Results

All experiments were repeated three or more times. ANOVA was used for comparative
analysis of STAT5 phosphorylation data. Student—-Newman—Keuls test was used for
pairwise comparison of radiolabeling autokinase activity. The statistical software package
used was SigmasStat version 2.03.

In our earlier study, we created several recombinant rat JAK2 (rJAK2) proteins containing
cysteine-to-serine substitutions and then overexpressed these proteins via the baculovirus
expression vector system [30]. To determine the effect of cysteine-to-alanine mutagenesis
on in vitro radiolabeling autokinase activity, recombinant proteins were recovered from
baculovirus-infected Sf21 cell lysates via immunoprecipitation with polyclonal antibodies
that recognized JAK?2. These samples were subdivided into two aliquots. One aliquot was
assayed for in vitro radiolabeling autokinase activity and the other aliquot was assayed for
relative JAK2 abundance via Western immunoblot. As shown in Fig. 1, the four cysteine-to-
alanine single mutants exhibit a substantial decrease in normalized in vitro radiolabeling
autokinase activity compared to the nonmutated GST/(NA661)rJAK2 (P<0.001). The in
vitro autokinase activities of the C866A, C917A, C1094A, and C1105A mutants,
normalized to the nonmutated control, were 36% (+11% SE, n=3), 59% (x11% SE, n=13),
3% (£ 1% SE, n=3), and 11% (+3% SE, n= 3), respectively, and the statistical significance
of pairwise differences between N-lobe and C-lobe mutants (P ranging from <0.001 to
0.018) was much greater than either of the pairwise differences between the C-lobe mutants
(P=10.368) or between the N-lobe mutants (P= 0.024) (Fig. 1). The loss of autokinase
activity was greater when a single alanine substitution occurred in the C lobe of the kinase
domain (e.g., at position 1094 or 1105) than when it occurred in the N lobe (e.g., at position
866 or 917). These data are compared to the normalized in vitro radiolabeling autokinase
activities of corresponding Cys-to-Ser mutants [30] in Table 1. Mutation of cysteine to
serine at each of these four sites resulted in comparable lower levels of autokinase activity
for all four mutants. In contrast, individual Cys-to-Ala mutants appeared to have caused

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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smaller losses of autokinase activities when occurring in the N lobe and greater losses of
autokinase activities when occurring in the C lobe.

To better understand the functional consequences of Cys-to-Ala substitution at these four
critical sites and to verify that the recombinant proteins are catalytically active inside the
cell, their ability to phosphorylate an inactive substrate was assessed using an in situ trans-
phosphorylation assay. In this assay, Sf21 cells were co-infected with baculovirus
expressing the inactive 140-kDa GST/rJAK2(K882E) and one of the eight 84-kDa GST/
(NA661)rJAK2 cysteine mutants (Fig. 2). The upper arrow (Fig. 2A) points to the GST/
rJAK2(K882E) substrate proteins, and the lower arrow points to the truncated GST/(NA661)
rJAK2 variants. All of the GST/(NA661)rJAK2 variants, including the positive and negative
control variants, were expressed at comparable levels (Fig. 2A, lanes 1-10). Analysis of the
anti-phosphotyrosine Western blot confirmed that the inactive K882E mutant was incapable
of phosphorylating the GST/rJAK2(K882E) substrate, as expected (Fig. 2B, lane 2). In
contrast, all of the other JAK?2 variants tested, namely, the GST/(NA661)rJAK2, C866S,
C917S, C1094S, C1105S, C866A, CI17A, C1094A, and C1105A mutants, exhibited
measurable in situ kinase activity as indicated by their ability to phosphorylate the inactive
substrate GST/rJAK2(K882E) (Fig. 2B, lane 1 and lanes 3-10, respectively). As shown by
this in situ assay, none of the eight GST/ (NA661)rJAK2 cysteine mutants exhibited a gross
loss of transphosphorylation activity.

The in vitro radiolabeling autokinase assay results shown in Fig. 1 were obtained after
pretreatment with the reducing agent DTT, and all eight GST/(NA661)rJAK2 cysteine
mutants exhibited some autokinase activity, which revealed differences among the mutants.
The in vitro radiolabeling autokinase assay was used once again to determine whether the
autocatalytic activities were sensitive to redox reagents in a reversible manner. Each of the
eight GST/(NA661)rJAK2 cysteine mutants was recovered from baculovirus-infected Sf21
cells via immunoprecipitation and then pretreated with either 2.5 mM oxidant o-IBZ or 10
mM reductant DTT. Half of the o-1BZ-pretreated enzyme aliquots were re-treated with
DTT, and half of the DT T-pretreated enzyme aliquots were re-treated with o-1BZ; the
immunoprecipitated enzymes were removed from the redox buffers before initiating the in
vitro radiolabeling autokinase assays.

As previously reported [30], the in vitro radiolabeling autokinase activity of GST/
(NA661)rJAK2 was maximal when pretreated with reductant and nearly abolished when
pretreated with oxidant, and these activities were fully reversible by re-treatment with the
reciprocal redox reagent. Here we demonstrate that the reversible response to redox reagents
was also preserved in each of the four cysteine-to-serine mutants, C866S, C917S, C1094S,
and C1105S, as shown in Fig. 3A-D (lanes 1-4). The activity of each of these four mutants
was inhibited by oxidative pretreatment (Fig. 3A-D, lane 2) and the kinase activity was
restored by reductive re-treatment (Fig. 3A-D, compare lanes 2 and 4). Conversely, the
activity of each of these four mutants was highest after reductive pretreatment (Fig. 3A-D,
lane 1) and the kinase activity was severely inhibited by oxidative re-treatment (Fig. 3A-D,
compare lanes 1 and 3).

Similarly, the reversible response to redox reagents was preserved in all four cysteine-to-
alanine mutants (Fig. 3A-D, lanes 5-8). As before, the in vitro radiolabeling autokinase
activity was inhibited by oxidative pretreatment (Fig. 3A-D, lane 6) and restored by
reductive re-treatment (Fig. 3A-D, compare lanes 6 and 8). As before, maximal activity was
observed after reductive pretreatment (Fig. 3A-D, lane 5) and it was severely inhibited by
oxidative re-treatment (Fig. 3A-D, compare lanes 5 and 7). The reversible sensitivity to
redox modulators is easiest to demonstrate with mutants possessing high autokinase
activities, such as C917A or C1094S, which exhibit 59 and 32% of the nonmutated GST/

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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(NAGB61)rJAK2's activity, respectively (Fig. 1 and [30]). The reversible response to redox
reagents is much less apparent in mutants such as C1094A or C866S, whose low intrinsic
autokinase activities are only 3 and 15% relative to the nonmutated GST/(NA661)rJAK2,
respectively (Fig. 1 and [30]).

It is helpful to refer to the three-dimensional structure of JAK2's catalytic domain [31] to
find clues about the possible functional role(s) of these residues. In this structure, the sulfur
centers of Cys866 and Cys917 are approximately 9 A apart, and these cysteines are located
in the (B2- and B4-sheets, respectively, of the N lobe. Their spatial proximity, the
conformational flexibility afforded by the arrangement of the p-sheets in the N lobe, and the
absence of any significant steric obstacles in the space between Cys866 and Cys917 make it
plausible to think that an intramolecular disulfide could reversibly crosslink these two
residues. Intramolecular disulfide formation seems less plausible for Cys1094 and Cys1105,
which are approximately 12 A apart and at the opposite ends of the H helix in the C lobe.

Based on the structural evidence indicating that the N-lobe critical cysteines and the C-lobe
critical cysteines have independent functional roles, a set of pairwise mutants was created.
These mutants allow an examination of the consequences of eliminating one set of cysteines
while retaining the other set on enzymatic activity. We also created GST/
(NA661)rJAK2(4C:4S) and GST/(NA661)rJAK2(4C:4A) variants in which all four critical
cysteines were substituted with serines or alanines, respectively, for comparison.

The in vitro radiolabeling autokinase activities of the “positive control” GST/
(NA661)rJAK2 and “negative control” K882E were compared to those of CC866,917SS,
CC1094,1105SS, 4C:4S, CC866,917AA, CC1094,1105AA, and 4C:4A (Fig. 4). When all
four critical cysteines were substituted with alanines, no detectable in vitro radiolabeling
autokinase activity remained (Fig. 4, lane 8). This was also the case when all critical
cysteines were substituted with serines (Fig. 4, lane 5 [30]). When the serine mutations were
made in pairwise fashion in either the N lobe (CC866,917SS) or the C lobe
(CC1094,1105SS), the activities were nearly undetectable (Fig. 4A, lanes 3 and 4,
respectively). The kinase activities of these variants were virtually indistinguishable from
that of the inactive K882E control (Fig. 4, lane 2). Because these activities were so low, it
was not technically feasible to determine whether these mutants retained a reversible
response to redox reagents. Interestingly, the alanine-substituted mutants, CC866,917AA
and CC1094,1105AA, behaved quite different from their serine-substituted counterparts
(Fig. 4, lanes 3 and 4 vs 6 and 7). Both of these cysteine-to-alanine pairwise mutants
exhibited significant levels of in vitro radiolabeling autokinase activity.

Although the in vitro radiolabeling autokinase assay provides distinct experimental
advantages, it is not as sensitive for the detection of very low levels of activity as the in situ
transphosphorylation assay [39]. To determine whether the CC866,917SS, CC1094,1105SS,
or 4C:4A mutants were truly inactive, as well as to verify that the alanine-substituted
mutants were functional kinases within cells, in situ transphosphorylation assays were
performed using coproduced inactive GST/rJAK(K882E) as the phosphorylation substrate
(Fig. 5). The “positive control” GST/(NA661)rJAK2 exhibited robust autophosphorylation
and transphosphorylation activities (Fig. 5, lane 1), whereas the “negative control” K882E
exhibited no sign of either activity (Fig. 5, lane 2). These experiments clearly show that
pairwise serine substitutions in the N lobe (CC866,917SS; Fig. 5, lane 3) and the C lobe
(CC1094,1105SS; Fig. 5, lane 4) may impair in situ autokinase and exokinase activities, but
they do not abolish them. Furthermore, mutation of all four critical cysteines to either
serines (Fig. 5, lane 5 [30]) or alanines (Fig. 5, lane 8) did not truly abolish either the
autokinase or the exokinase activities, although these were diminished. Consistent with the
results of the in situ radiolabeling autokinase assay (Fig. 4), pairwise cysteine-to-alanine
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substitutions in the C lobe (CC1094,1105AA) had almost no effect on either the autokinase
or the exokinase activity (Fig. 5, lane 7). Pairwise cysteine-to-alanine substitutions in the N
lobe caused CC866,917AA to have slightly impaired autokinase and exokinase activities
(Fig. 5, lane 6), but these were much higher than those of the serine-substituted counterpart.
Based on the evidence shown in Figs. 4 and 5, it seems that mutation of cysteines in the N
lobe has a somewhat greater impact on activity than mutation of cysteines in the C lobe.

Because of the high levels of catalytic activity of both CC866,917AA and CC1094,1105AA,
these two variants could be used to examine whether the N-lobe cysteines or the C-lobe
cysteines are responsible for the redox-reversible responses of JAK2 to oxidants and
reductants. These experiments are not feasible with the serine-substituted counterparts
CCB866,917SS and CC1094,1105SS. As is the case with nonmutated JAK2 variants,
maximal activity was observed after reductive pretreatment of CC1094,1105AA (Fig. 6A,
lane 1) and activity was severely inhibited by oxidative re-treatment (Fig. 6A, compare lanes
1 and 3). Conversely, autokinase activity was inhibited by oxidative pretreatment (Fig. 6A,
lane 2) and restored by reductive re-treatment (Fig. 6A, compare lanes 2 and 4). In this
respect, the CC1094,1105AA mutant behaved as all other JAK?2 variants previously
examined in the redox-reversibility assay (Fig. 3 [30]), and the evidence did not implicate
the C-lobe cysteines in the reversible redox-responsiveness of the enzyme.

This typical pattern of behavior was not observed when the role(s) of the N-lobe cysteines
was examined after converting these cysteines to alanines. The high level of autokinase
activity exhibited by CC866,917AA after reductive pretreatment was not affected by
oxidative re-treatment (Fig. 6B, lanes 1 vs 3). Oxidative pretreatment of CC866,917AA did
not perceptibly inhibit the enzyme's autokinase activity (Fig. 6B, lane 2). The autokinase
activity of CC866,917AA, unlike all other JAK2 variants examined in similar fashion, was
completely refractive to redox reagents. This redox-refractive behavior demonstrates that
Cys866 and Cys917 cooperatively function as a redox-sensitive “switch™ or “sensor” in the
N lobe of JAK2's catalytic domain (Fig. 7A).

This observation is of potentially broad biological significance, given the many biological
roles of JAK2 and the range of diseases in which chronic oxidative stress is of reputed
significance. As discussed in the introduction, JAK2 is the essential signal transducer
linking growth hormone and prolactin receptor stimulation to STAT5 phosphorylation, and
this signaling network is essential for the development and preservation of functional
pancreatic p-islet cell mass [32-37]. The progressive loss of functional pancreatic B-islet
mass is the hallmark event in the pathogenesis of type Il diabetes mellitus, and chronic
oxidative stress contributes to its demise [38].

We therefore examined the effect of ROS pretreatment on prolactin-stimulated STATS
phosphorylation in the glucose-responsive, insulin-secreting pancreatic B-islet cell line
BTC-6 [42], As expected, brief stimulation of quiescent BTC-6 cells with 15 nM prolactin
resulted in the phosphorylation of STAT5 (Fig. 8). Overnight pretreatment of these cells
with 20 M AG490, an inhibitor of JAK2, substantially inhibited the ability of prolactin to
stimulate the phosphorylation of STATS5. Intriguingly, quiescent cells treated with 0.5 mM
hydrogen peroxide for 30 min before prolactin stimulation exhibited a comparably low level
of STATS5 phosphorylation, indicating that JAK2 was unable to transduce signals under
these conditions. Further, overnight incubation under hyperglycemic conditions (25 mM
glucose) resulted in statistically significant inhibition of STATS tyrosine phosphorylation.
Hyperglycemia contributes to chronic oxidative stress in type 11 diabetes [43], and high
glucose medium results in a more oxidizing intracellular environment in BTC-6 cells,
compared to cells grown in low-glucose medium (data not shown). Thus, oxidative stress
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arising from physiologically relevant sources can impair cytokine/JAK/STAT signal
transduction in a manner consistent with oxidation of the redox switch.

Given that 500 uM H,O, nearly obliterated the ability of JAK2 to phosphorylate STATS5 in
response to prolactin, we elected to employ lower doses of H,O, when examining the
effects of ROS on growth hormone-initiated signal transduction. As shown in Fig. 9, brief
stimulation of quiescent BTC-6 cells with 15 nM growth hormone resulted in robust
phosphorylation of STAT5. Pretreatment of quiescent cells with 25, 50, and 100 oM H20,
for 30 min before GH stimulation progressively inhibited GH-stimulated STAT5
phosphorylation, such that GH stimulation after pretreatment with 100 uM H»O, resulted in
half of the response observed in the control (untreated) sample. The data shown in Fig. 9
provide preliminary support for a simple yet important concept, which is that theJAK2 redox
switch is capable of providing a graduated regulatory response to incremental changes in the
intracellular redox state.

Discussion

The results presented in Fig. 6 provide the first direct evidence for a cysteine-based redox
switch that reversibly inhibits JAK2's autocatalytic activity. This observation provides a
mechanistic basis for reports that oxidants associated with “oxidative stress” inhibit Janus
kinases and downstream pathway events [19-23,25]. The discovery of the redox switch is an
extension of previous work identifying four cysteines in the catalytic domain that
cooperatively maintain JAK2's kinase activity [30]. The C-lobe cysteines and the N-lobe
cysteines cooperate, as supported by the data in Figs. 4 and 5, and it is now evident that
these two sets of cysteines have distinctly different functional roles.

The structure of the catalytic domain of JAK2, like other tyrosine kinases, consists of an N-
terminal lobe comprising alternating p-sheets and a C-terminal lobe comprising a-helices
[31,44]. The N-lobe cysteines are close to both the ATP-binding site and the invariant
lysine, Lys882, which is absolutely essential for catalytic activity. It is conceivable that the
reduced thiols of Cys866 and Cys917 contribute directly to the catalytic cycle and that
oxidation prevents these thiols from participating in their normal function in the catalytic
cycle. The precise mechanism through which this “redox switch” controls catalysis remains
undefined.

In JAK2, the redox switch motif can be simplified to a three-point cluster containing the
invariant lysine as a reference point and in which the two sulfur centers are approximately 9
A apart. As shown in Fig. 7B, a nearly identical motif is present in the structure of JAK1
[45]. This is consistent with recent evidence describing the oxidative inhibition of JAK1 in
cells exposed to parthenolide [46]. If the oxidation of one cysteine to sulfenic acid is
sufficient to regulate catalysis, then this simplifies to a two-point motif, which could be
common among protein kinases.

The functional roles of the C-lobe cysteines located at residues 1094 and 1105 have yet to be
determined. At this stage, we can state only that they maintain catalytic competency, and
they do so in a cooperative fashion with the N-lobe cysteines. Naturally occurring mutations
in JAK3 that disrupt or abolish this helix also impair JAIG's activity [47]. One might
speculate that they are broadly important because they appear in a highly conserved
CysPro(Xg)CysTrp motif found in the C lobe of many mammalian protein-tyrosine kinases,
commonly in the form of CysPro(X3)Tyr(Xs)CysTrp (data not shown).

Cysteine residues serve a variety of important functions due to the chemical versatility of
reactive sulfhydryl groups [48-51]. The reduction potential of a generic disulfide/dithiol
exchange (- 220 mV) is within the estimated reduction potential of the mammalian cytosol
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(- 220 to —240 mV [52]), and reversible dithiol/disulfide exchanges are well established as
covalent activity switches [53-55]. Sulfenic acids represent another important oxidation
state of cysteines, both as stabilized end states and as reactive intermediates [56,57].
Sulfenic acid formation directly regulates enzymes containing reactive-site cysteines, such
as protein tyrosine phosphatases [26,29].

The oxidation of cysteines to sulfenic acids could explain why the substitution of serines for
cysteines at residues 866 and 917 caused a near-complete loss of activity, whereas the
substitution of alanines at these positions allowed relatively high activity levels to be
retained. The supposition is that the substitution of alanines for cysteines was less disruptive
to the folded conformation of JAK?2's catalytic domain than the substitution of serines, based
on hydropathy [58], electronegativity [59], and hydrogen bonding [60] considerations. If the
introduction of a hydroxyl moiety at this site via site-directed mutagenesis impairs activity
by mimicking the hydroxyl moiety resulting from sulfenic acid formation, then the
CC866,917SS mutant may represent a functional model of the oxidized state of JAK2.

Oxidation to sulfenic acid would also explain why a single substitution of either serine or
alanine for either Cys866 or Cys917 conserves sensitivity to redox regulation (Fig. 3).
Whereas o-IBZ treatment is known to cause the reversible formation of disulfide bonds, it
has not yet been shown to oxidize cysteines into sulfenic acids. To determine whether this is
plausible, the sulfenic acid content of GST/(NA661) rJAK2 was assessed after treatment
with dimedone, which selectively condenses with sulfenic acid to form a stable thioether
product detectable through immunochemical techniques [61]. Pretreatment of GST/
(NA661)rJAK?2 with o-1BZ substantially increased the amount of sulfenic acid detected in
JAK2, and the sulfenic acid content of DTT-pretreated JAK2 was less than half that of the o
IBZ-pretreated enzyme (45.6 £15.0% SE, n = 4, data not shown). Thus, sulfenic acid
formation in the Cys866/Cys917 redox switch is one plausible explanation for our
observations. However, the fact that sulfenic acid formation can account for the oxidative
inhibition of JAK2 mutants in vitro does not exclude the possibility that a disulfide bond is
formed in vivo upon the oxidation of Cys866 and Cys917. Nearby reduced cysteines
destabilize cysteine sulfenic acids [62], and cysteine sulfenic acids serve as intermediates in
nonenzymatic disulfide bond formation [63]. JAK2 might be alternatively oxidized to either
the sulfenic or the disulfide state, resulting in an equilibrium mixture.

Based on this demonstration of a cysteine-based redox switch, obtained via site-directed
mutagenesis of the recombinant form of JAK2, one can propose that the redox-mediated
activation of this switch provides an important physiological regulatory mechanism, which
should apply to native forms of JAK1 and JAK2. We propose that the redox switch is as
important to catalysis as the essential invariant lysine [64] and the activation loop [65] and
has biological relevance under physiological and pathophysiological conditions [6-8,19—
25]. In addition to identifying this redox switch, we also presented data to test the prediction
that it modulates JAK2-coupled responses to cytokine stimulation in response to oxidative
stress. The data in Figs. 8 and 9 provide preliminary evidence for the hypothesis that this
switch may provide insights into the pathogenesis of type Il diabetes mellitus, a disease
affected by chronic oxidative stress. However, one must recognize that the results shown in
Figs. 8 and 9 do not provide direct evidence that Cys866 and Cys917 serve the physiological
role of a redox-sensitive regulatory switch. This proposition is a viable, but as yet
unconfirmed, hypothesis.

Clearly, the implications of this hypothesis will require further exploration, and because of
the complexity of type Il diabetes mellitus and other diseases associated with oxidative
stress, more sophisticated experimental techniques will be required. Several of our key
experiments (e.g., Fig. 6) employed in vitro model chemistry and recombinant proteins to
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clearly demonstrate a fully reversible “all or none” biochemical phenomenon. Although this
approach may be useful to demonstrate a concept, all or none responses are unlikely to occur
under physiological circumstances, in which chronic attenuation of signal transduction by a
factor of 10% or less may occur. Unfortunately, whereas 50% inhibition of signal
transduction can be revealed as a statistically significant change via Western blot assays
(e.g., Fig. 9), these assays lack the sensitivity and precision to detect smaller changes that
may have biologically significant repercussions. In type Il diabetes mellitus or in ischemia—
reperfusion injuries, there are further complications introduced by initial compensatory
responses, such that the reproducibility of biological experiments will be highly dependent
upon the precise timing of an experiment within the sequence of events after the initial
oxidative stress. Indeed, because the biology of redox regulation of cytokine signaling is rife
with complications, it is important to fully understand the biochemical underpinnings of the
direct and indirect mechanisms for redox regulation of key signal transducers. The
identification of a redox switch in JAK2 should improve our comprehension of this
fascinatingly complex field.
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Fig. 1.

In vitro autokinase activities of four cysteine-to-alanine mutants expressed as a normalized
percentage of GST/(NA661)rJAK2 activity. Sf21 cells were infected separately with
baculoviruses expressing recombinant enzyme variants. Each JAK2-immunoprecipitated
sample was divided into two aliquots. One aliquot was analyzed via anti-JAK2 immunoblot.
The other aliquot was treated with 10 mM DTT and then assayed for radiolabeling
autokinase activity. The intensity of each of the autokinase signals was calculated as a
percentage of the nonmutated GST/(NA661)rJAK2 autokinase signal and then normalized
for the anti-JAK2 signal intensity relative to the nonmutated GST/(NA661)rJAK2. The
normalized autokinase activities of nonmutated GST/ (NA661)rJAK2, kinase-inactive
K882E, and C866A, C917A C1094A and C1105A mutants are plotted left to right (7= 3;
bars indicate meanzstandard error). *Pfrom <0.001 to 0.018; #~=0.024.
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Fig. 2.

In situ exokinase activities of GST/(NA661)rJAK2 mutants containing serine or alanine
substitutions at four critical cysteine residues. Sf21 cells were co-infected with the inactive
GST/rJAK2(K882E) substrate and GST/(NA661 )rJAK2, K882E, C866S, C917S, C1094S,
C1105S, C866A, C917A C1094A or C1105A mutants (lanes 1-10, respectively). (A)
Immunoprecipitated proteins were analyzed via Western immunoblot with anti-JAK2, then
(B) the PVDF membranes were “stripped” and reprobed with anti-phosphotyrosine
antibodies. The upper arrows indicate the 140-kDa GST/ rJAK2(K882E) substrate and the
lower arrows indicate the various 84-kDa GST/ (NA661)rJAK2 variants.
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Redox-reversible in vitro radiolabeling autokinase activity of GST/(NA661)rJAK2 mutants
containing serine or alanine substitutions at the critical cysteine residues. Using
immunoprecipitated recombinant GST/(NA661)rJAI<2 variants produced in Sf21 cells, the
reversible effects of redox pretreatments on in vitro radiolabeling activities were assessed on
mutants in which cysteines at residues (A) 866, (B) 917, (C) 1094, and (D) 1105 were
mutated to serines (lanes 1-4) or alanines (lanes 5-8). Before assay, proteins were treated
with DTT (lanes 1 and 5), 0-IBZ (lanes 2 and 6), DTT and then o-IBZ (lanes 3 and 7), or o-
IBZ and then DTT (lanes 4 and 8). Autokinase activities are shown above, and Western

immunoblots with anti-JAK2 are shown below.
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Fig. 4.

In vitro radiolabeling autokinase activities of GST/(NA661)rJAK2 containing combinatorial
cysteine-to-serine and cysteine-to-alanine mutations. Using immunoprecipitated
recombinant GST/(NA661)rJAK2 variants produced in Sf21 cells, the autokinase activities
of DTT-pretreated GST/(NA661)rJAK2, K882E, CC866,917SS, CC1094,1105SS, 4C:4S,
CCB866,917AA CC1094,1105AA and 4C:4A are shown in (A) lanes 1-8, respectively, and
corresponding Western immunoblots probed with anti-JAK2 are shown in (B).
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In situ exokinase activities of GST/(NA661)rJAK?2 containing combinatorial cysteine-to-
serine and cysteine-to-alanine mutations. Immunoprecipitated proteins were recovered from
Sf21 cells co-infected with GST/rJAK2(K882E) and GST/(NA661) rJAK2, K882E,
CC866,917SS, CC1094,1105SS, 4C:4S, CC866,917AA, CC1094,1105AA, or 4C:4A (in
lanes 1-8, respectively). (A) Proteins were analyzed via Western immuno-blot with anti-
JAK2 and then (B) the PVVDF membrane was “stripped” and reprobed with anti-
phosphotyrosine. The upper arrows indicate the 140-kDa GST/rJAK2(K882E) substrate and
the lower arrows indicate the various 84-kDa GST/(NA661)rJAK2 mutants.
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Fig. 6.

Redox-reversible in vitro radiolabeling autokinase activity of CC866,917AA and
CC1094,1105AA. (A) The CC1094,1105AA mutant or (B) the CC866,917AA mutant was
recovered from Sf21 cells via immunoprecipitation. Before assay, proteins were treated with
DTT (lane 1), o-1BZ (lane 2), DTT and then ¢-IBZ (lane 3), or 0-1BZ and then DTT (lane 4).
Autokinase activities are shown above, and Western immunoblots with anti-JAK2 are
shown below.
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Fig. 7.

Simplified representation of the redox sensor switch in JAK2 and JAK1. The kinase
domains of (A) JAK2 and (B) JAK1 are shown as ribbon diagrams in which the N lobe is
positioned above the C lobe. Gold space-filling elements indicate the locations of Cys866
(A) and Cys892 (B) on the left and Cys917 (A) and Cys944 (B) on the right. The location of
the essential lysine, Lys882 in (A) and Lys908 in (B), is indicated by a Deep Purple space-
filling element.
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Fig. 8.

Effects of hydrogen peroxide, hyperglycemia, and AG-490 on prolactin-stimulated STAT5
tyrosine phosphorylation in BTC-6 cells. BTC-6 cells were incubated 21-22 h in quiescence
medium, hyperglycemia medium, or AG490 medium; a set of quiescent cells was then
incubated with 500 .M hydrogen peroxide for 30 min before cytokine stimulation. Cells
were then stimulated for 15 min without or with 15 nM recombinant mouse prolactin
(mPRL). The cells were then lysed, and STAT5 was immunoprecipitated from the PAS-
precleared lysate and analyzed via SDS-PAGE and Western immunoblot as described under
Material and methods to measure the ratio of phosphorylated STATS5 to total STATS5; these
ratios were expressed as the mean (n = 3) + standard deviation. *P<0.001 relative to mPRL-
stimulated, nonoxidized quiescent cells; #P<0.05 relative to mPRL-stimulated cells grown
under hyperglycemic conditions.
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Fig. 9.

Effect of hydrogen peroxide on growth hormone-stimulated STAT5 tyrosine
phosphorylation in BTC-6 cells. BTC-6 cells were incubated 21-22 h in quiescence medium
and then incubated with 0, 25, 50, or 100 M hydrogen peroxide for 30 min before cytokine
stimulation. Cells were then stimulated for 15 min without or with 15 nM recombinant
mouse growth hormone (mGH). The cells were then lysed, and STAT5 was
immunoprecipitated from the PAS-precleared lysate and analyzed via SDS-PAGE and
Western immunoblot as described under Material and methods to measure the ratio of
phosphorylated STATS to total STATS; these ratios were expressed as the mean (n=3) =
standard deviation. #P<0.05 relative to mGH-stimulated, nonoxidized quiescent cells.
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Table 1

In vitro radiolabeling autokinase activity changes due to alanine vs serine substitutions of critical cysteines in
GST/(NAG61)rJAK2.

Site-directed mutation (% normalized autokinase activity +SE)

CB866A (36+11) C866S (15+8)
CO17A (59+11) C917S (28+7)
C1094A (31) C1094S (32+7)
C1105A (11+3) C1105S (19:+4)
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