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Pseudokinases lack conserved motifs typically required for kinase
activity. Nearly half of pseudokinases bind ATP, but only few
retain phosphotransfer activity, leaving the functional role of nu-
cleotide binding in most cases unknown. Janus kinases (JAKs) are
nonreceptor tyrosine kinases with a tandem pseudokinase–kinase
domain configuration, where the pseudokinase domain (JAK ho-
mology 2, JH2) has important regulatory functions and harbors
mutations underlying hematological and immunological diseases.
JH2 of JAK1, JAK2, and TYK2 all bind ATP, but the significance of
this is unclear. We characterize the role of nucleotide binding in
normal and pathogenic JAK signaling using comprehensive struc-
ture-based mutagenesis. Disruption of JH2 ATP binding in wild-
type JAK2 has only minor effects, and in the presence of type I
cytokine receptors, the mutations do not affect JAK2 activation.
However, JH2 mutants devoid of ATP binding ameliorate the
hyperactivation of JAK2 V617F. Disrupting ATP binding in JH2 also
inhibits the hyperactivity of other pathogenic JAK2 mutants, as
well as of JAK1 V658F, and prevents induction of erythrocytosis
in a JAK2 V617F myeloproliferative neoplasm mouse model. Mo-
lecular dynamic simulations and thermal-shift analysis indicate
that ATP binding stabilizes JH2, with a pronounced effect on the
C helix region, which plays a critical role in pathogenic activation
of JAK2. Taken together, our results suggest that ATP binding to
JH2 serves a structural role in JAKs, which is required for aberrant
activity of pathogenic JAK mutants. The inhibitory effect of abro-
gating JH2 ATP binding in pathogenic JAK mutants may warrant
novel therapeutic approaches.

JAK | pseudokinase domain | nucleotide binding | cytokine | myeloid
neoplasia

The Janus kinases (JAK1–3, TYK2) are a family of nonre-
ceptor tyrosine kinases with essential functions in the

regulation of hematopoiesis, the immune system, and cellular
metabolism. JAKs interact specifically with various cytokine
receptors and couple cytokine binding to cytoplasmic signaling
cascades, including the signal transducers and activators of tran-
scription (STAT) pathway. JAKs consist of an N-terminal FERM
domain, an SH2-like (Src homology 2) domain, a pseudokinase
domain (JAK homology 2, JH2), and the C-terminal tyrosine ki-
nase domain (JH1). JH2 mediates critical regulatory functions in
JAKs and primarily serves to inhibit basal JH1 activity. Experi-
mental deletion of JH2 increases JH1 activity in full-length JAK in
the absence of stimulation (1–3), and in recombinant systems
addition of JH2 suppresses JH1 activity (4–6). JH2 is, however,
also required for ligand-induced activation of full-length JAKs in
cell (1–3, 6, 7). The regulatory functions of JH2 are corroborated
by the multitude of human disease mutations identified in the
domain. The most common JAK2 mutation, V617F, leads to cy-
tokine-independent signaling through the exclusively JAK2-
dependent homotypic receptors for erythropoietin (EPO),
granulocyte colony stimulating factor (G-CSF), and thrombo-
poietin (8). The V617F mutation is found in ∼95% of patients

with polycythemia vera (PV) (9–12) as well as in ∼60% of pa-
tients with essential thrombocythemia (ET) and primary mye-
lofibrosis (PMF). After identification of the V617F mutation, a
multitude of other mutations in JAK2, JAK1, and JAK3 have
been found that are linked to myeloid and lymphoid malignan-
cies and to immunological diseases as well as to some solid
cancers (13, 14). The mutations cluster mainly in exon 12 in the
SH2–JH2 linker (numbering for human JAK2), exon 14 near
Val617, and exon 16 (13). Although most JAK JH2 mutations
are gain-of-function, some JH2 mutations in JAK3 suppress JH1
activity, leading to severe combined immunodeficiency (2, 15).
The mechanism by which JH2 regulates JAK activity has long

been enigmatic, but recent studies have provided previously un-
identified insights. The crystal structure of JAK2 JH2 (16)
revealed a prototypical kinase-domain fold that binds ATP (17),
but with a noncanonical binding mode. Additionally, JAK2 JH2
was found to possess weak kinase activity in vitro and autophos-
phorylate two regulatory sites: Ser523 in the SH2–JH2 linker and
Tyr570 in JH2 itself (17). The structure of JAK2 JH2 V617F is
highly similar to wild-type JH2 but shows a rigidified C helix (αC)
in the kinase N lobe and a slightly altered ATP binding cleft (16).
These structural differences, however, do not provide an obvious
explanation for the mechanism of pathogenic activation. A recent
simulation-based model of the JAK2 tandem kinase domains
(JH2–JH1) (18) and a crystal structure of TYK2 JH2–JH1 (5)
show an extensive interaction interface between JH2 and the
backside of JH1, providing a rationale for the autoinhibitory
interaction mediated by JH2. Importantly, practically all known
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disease-causing JH1 and JH2 mutations localize in or near the
JH2–JH1 interface and are expected to destabilize the in-
teraction (13, 18). The structures of JAK1 and TYK2 JH2 are
highly similar to JAK2 JH2 (5, 19), and all three JH2s bind ATP
(20). The regulatory residues Ser523 and Tyr570 in JAK2 are not
conserved in other JAK family members, and the catalytic
function of JH2 appears to be a unique characteristic of JAK2,
which is also the only JAK to function as homodimers on type I
cytokine receptors. The conserved function of nucleotide binding
in all JAK JH2s, however, is currently unknown.
Research on JH2 also ties into the field of pseudokinases in

general. Pseudokinases are kinase-like proteins that lack one or
more conserved catalytic residues and constitute almost 10% of
the human kinome (21). Many pseudokinases have retained the
ability to bind nucleotides, yet the physiological function of this
binding has remained unknown in most cases. Deciphering the
function of these nucleotide binding sites is of practical impor-
tance, as the ATP binding pocket is a well-validated pharmaco-
logical target (22). Intrigued by these questions, we set out to
investigate the functional role of ATP binding in JAK JH2, fo-
cusing on its role in the regulation of JAK2 signaling in wild-type
and pathogenic contexts.

Results
Establishing JAK2 JH2 ATP Binding Site Mutations. JAK2 JH2 has an
ATP binding pocket with unusual characteristics (Fig. 1A) (16).

To study the role of nucleotide binding, we used a systematic,
structure-based mutagenesis approach designed to distinguish
the effect of nucleotide binding from possible structural effects
caused by the mutation, as has been observed with, for example,
β-strand 3 (β3) lysine mutations (23, 24). We thus mutated not
only the β3 lysine (K581A) and its interaction partner (D699A)
but also the glycine-rich loop (G552A G554A) residues on the
catalytic loop interacting directly with ATP (K677E) or the di-
valent cation (N678A), as well as residues lining the purine binding
pocket (I559F, L579F). To compare the ATP binding site muta-
tions with a structurally destabilizing mutation, we mutated Phe739
to arginine in the hydrophobic core of the C lobe (16) (Table 1).
To verify the effects of the mutations on ATP binding, we

produced recombinant JAK2 JH2. Fluorometric thermal-shift
analysis (TSA) showed that the mutations K677E, I559F, and
L579F have only a marginal effect on the melting temperature
(Tm) of apo JH2 (Fig. 1B, bar graph). ATP binding-induced
stabilization, however, was completely abrogated in K677E and
I559F but not in L579F (Fig. 1B, line graph). These results in-
dicate that I559F and K677E do not affect the proper folding of
the domain but that they effectively block ATP binding. L579F
evidently did not prevent ATP binding. The effect of the other
mutations described above could not be explicitly analyzed due
to lack of recombinant expression (Table 1).

ATP Binding in JAK2 JH2 V617F. The crystal structure of JAK2 JH2
V617F is highly similar to the wild-type structure (16), with small
changes in αC and the β3–αC linker and a slight change in the
topography of the ATP binding pocket due to alignment of
Phe617, Phe595, and Phe594 (the latter two in αC) in V617F (Fig.
S1). To gauge whether these differences have any effect on the
stability of JH2 and its affinity for ATP, we used TSA and a FRET-
based 2’/3′-(N-methyl-anthraniloyl)–ATP (MANT-ATP) binding
assay on recombinant JAK2 JH2. TSA showed that the V617F
mutation lowers the overall thermal stability of the domain (Tm =
39.3 ± 0.3 °C compared with 42.6 ± 0.2 °C for wild type). Addition
of Mg-ATP caused similar stabilization for both domains, with Tm
shifts of up to 3 °C, which was, however, still not enough to bring
the Tm of V617F to the level of wild type (Fig. 1C). Quantification
of Mg–MANT-ATP binding affinity showed no difference between
JAK2 JH2 wild type and V617F, with dissociation constants of
1.3 ± 0.1 μM for both (Fig. 1D). Thus, V617F lowers the thermal
stability of JH2 but does not substantially affect ATP binding.

Analysis of JAK2 JH2 ATP Binding Site Mutations in the Absence of
JAK2-Associated Type I Receptors. The ATP-coordinating residues
were mutated in the context of full-length JAK2, and activation
was analyzed in transfected JAK2-deficient γ2A cells by mea-
suring JH1 activation-loop phosphorylation (pY1007–pY1008)
(Fig. 2). γ2A is a fibroblast cell line and thus lacks expression of
JAK2-associated homotypic type I myeloid cytokine receptors
(EPOR, MPL, and G-CSF-R). In the context of wild-type JAK2,
the JH2 mutations resulted generally in small increases in basal
JAK2 activity. Specifically, the verified ATP binding-deficient
mutants K677E and I559F showed 1.6- and 1.9-fold increases over
wild-type JAK2, whereas the less conservative change K581A
caused a larger ∼fivefold increase in pY1007–pY1008 levels, as
did the structurally disruptive F739R mutation (Fig. 2).
Next, the different ATP binding site mutations were intro-

duced into full-length JAK2 V617F, and the role of JH2 nucle-
otide binding on cytokine-independent activation was analyzed.
Expression of V617F resulted in >20-fold hyperphosphorylation
compared with wild type. Strikingly, almost all ATP binding site
mutations reverted the high basal activity of V617F to near wild-
type levels (Fig. 2). The inhibition was most prominent in the
glycine-rich loop mutant (G552A G554A) and both catalytic
loop mutants (N678A, K677E), with pY1007–pY1008 levels
nearly wild type (1.4–1.8-fold of wild type). L579F, which did not
abrogate ATP binding (Fig. 1B), gave the smallest reduction in
hyperphosphorylation (Fig. 2). Furthermore, mutation of JH2
autophosphorylation sites (Ser523 and Tyr570) (17) did not lower
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Fig. 1. Characterizing the ATP binding pocket of JAK2 JH2. (A) The ATP
binding pocket of JAK2 JH2 (16) [Protein Data Bank (PDB) ID code 4FVQ]
highlighting the noncanonical mode of nucleotide binding. JAK2 JH2 con-
tains a bulky leucine (Leu579) on the N-lobe side of the purine pocket
substituting for the canonical alanine in the VAIK motif. The glycine-rich
loop consists of two glycines (shown as spheres) rather than three. The
phosphates of bound ATP (shown as sticks) are coordinated by only one
divalent cation (shown in magenta) instead of two in typical kinases. Fur-
thermore, Asp699 of the DPG motif (consensus DFG) forms a salt bridge to
the β3 lysine (Lys581), and Lys677 from the catalytic loop binds directly to the
α and γ phosphates of ATP. Dotted lines highlight hydrogen bonds and salt
bridges participating in the binding of ATP. The hydrophobic amino acids
lining the purine base and sugar moiety binding site are shown as volume-
filling models. (B) Fluorometric TSA of recombinant JAK2 JH2. Tms of JAK2
JH2 ATP binding site mutants are shown in the bar graph. TSA shows no
thermal stabilization for JAK2 JH2 I559F or JAK2 JH2 K677E upon addition of
ATP (ΔTm, line graph). (C) Thermal stability of recombinant JAK2 JH2 wild
type and V617F upon addition of ATP to wild-type and V617F JH2 shows
similar ATP responses yet overall reduced thermal stability in V617F. The
data for wild type are the same as shown in B. (D) MANT-ATP binding assay
on recombinant JAK2 JH2 reveals identical MANT-ATP binding affinities for
wild type and V617F. All experiments were done in the presence of Mg2+.
All error bars are standard deviations (SD) from triplicate experiments.
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V617F hyperactivity (Fig. S2), demonstrating that the suppression
of aberrant activation by the JH2 ATP binding mutations is not
due to loss of JH2 catalytic activity.

Removal of ATP Binding Is Distinct From Structural Disruption of JH2
and Does Not Affect Type I or Type II Cytokine Receptor Signaling. To
assess the effect of JH2 ATP binding site mutations on the cy-
tokine inducibility of JAK2, we coexpressed type I cytokine re-
ceptor EPOR, STAT5A, and the JAK2 mutants in γ2A cells. A
kinase-inactivating mutation in JH1 (K882A) was included as a
control. In the presence of EPOR, the ATP binding site muta-
tions did not increase basal JAK2 activation compared with wild-
type JAK2, whereas the destabilizing mutation F739R still caused a
marked increase (Fig. 3A). This result was also evident in down-
stream signaling, with anti-pSTAT5A blotting showing low basal
STAT5A phosphorylation for the ATP binding site mutants yet
increased phosphorylation for F739R (Fig. 3B). EPO-induced
JAK2 activation and signaling remained essentially unchanged in
all ATP site mutants. In contrast, the destabilizing JH2 mutation
(F739R) was refractory to EPO stimulation (Fig. 3 A and B),
resembling the effect of JH2 deletion (1, 6, 7).
In addition to homodimeric type I cytokine receptors, JAK2

functions on type II cytokine receptors where signaling relies on
trans-activation of two different JAKs. We thus analyzed activation
of STAT1 through the interferon γ (IFNγ) receptor in γ2A cells.
Congruent with the effect observed on pJAK2, basal pSTAT1 was
increased in K581A, whereas the less invasive G552A G554A,
K677E, and I559F did not affect basal STAT1 phosphorylation
(Fig. 3C). Upon IFNγ stimulation, all four tested JH2 mutants
showed induction of STAT1 phosphorylation (Fig. 3C).
Taken together, these results indicate that an intact ATP binding

site in JAK2 JH2 is required for full JH2-mediated autoinhibition
of JH1 activity in the absence of type I cytokine receptors. How-
ever, the ATP binding ability of JAK2 JH2 is not essential for
ligand-induced signaling via type I or type II cytokine receptors.
Furthermore, these results clearly indicate that loss of JH2 ATP
binding is distinct from structural disruption of JH2.

Loss of ATP Binding in JAK2 JH2 Suppresses the V617F Phenotype.
Cytokine-independent signaling of JAK2 V617F has previously
been shown to be reliant on expression of type I cytokine re-
ceptors, when JAK2 is expressed at physiological levels (25, 26).
Even when coexpressed with EPOR, the JH2 ATP binding site

mutants were found to suppress V617F-induced hyperactivity
(Fig. 4A). In accordance with the results in the absence of type I
receptor expression, activity of V617F L579F also remained
high in the presence of EPOR (Fig. 4A). Inhibition of JH2 ATP
binding also suppressed cytokine inducibility of JAK2 V617F
(Fig. 4A and Fig. S3).
To assess the effects of JH2 ATP binding-deficient mutations

in vivo, the K581A mutation was introduced into human JAK2,
wild type and V617F, in a pMSCV–IRES GFP vector, and its
effect on development of myeloid lineage cells was analyzed in a
mouse bone marrow transplantation model (27). Hematological
analysis showed that mice expressing JAK2 V617F developed
erythrocytosis within 3 mo, typical for V617F-induced cytokine-
independent JAK2 signaling, with increased hemoglobin (Fig.
4B), mean corpuscular volume (MCV), hematocrit, and re-
ticulocyte numbers (Fig. S4) (27). Mature red blood cell, plate-
let, and neutrophil counts did not differ between control and any
of the JAK2 constructs (Fig. S4). Mice expressing JAK2 K581A
V617F did not develop erythrocytosis and showed blood
counts indistinguishable from wild-type JAK2-transplanted mice

Table 1. Summary of JAK2 and JAK1 point mutations used to study the function of the ATP binding site of JH2

Mutation Rationale/effect Producible JH2

JAK2
S523A Removes Ser523 phosphorylation —

K539L Hyperactivating MPN mutation in JH2–JH1 interface (5, 18) —

G552A G554A Removes flexible glycines usually needed for ATP binding No
I559F β2; designed to sterically inhibit ATP binding; verifiably inhibits ATP binding (Fig. 1B) Yes
I559E β2; designed to electrostatically inhibit ATP binding No
Y570F Removes Tyr570 phosphorylation —

K581A Removes β3 lysine needed for ATP binding No
L579F β3; designed to sterically inhibit ATP binding; does not inhibit ATP binding (Fig. 1B) Yes
V617F Hyperactivating MPN mutation Yes
K677E Exchanges catalytic loop lysine interacting with α and γ phosphates of ATP with oppositely

charged residue; verifiably inhibits ATP binding (Fig. 1B)
Yes

N678A Removes catalytic loop asparagine coordinating binding of cation needed for ATP binding No
R683S Hyperactivating MPN mutation directly in JH2–JH1 interface (5, 18) —

D699A DFG (DPG in JAK2) motif; disrupts Lys581-Asp699 salt bridge No
F739R Designed to disrupt JH2 by introducing charged residue into hydrophobic core of C lobe (16) No

JAK1
G590A G592A Analogous to JAK2(G552A G554A) —

K622A Analogous to JAK2(K581A) —

V658F Analogous to JAK2(V617F) —

Constructs not tested for recombinant production are marked with a “—.”

1.0
5.2

2.4 2.5 2.1 1.6 1.9
3.2

4.8

23.3

3.3 4.9
1.8 1.4 1.5 2.2

9.5

2.3

V617F
JAK2

pJAK2
HA (JAK2)

G552A G554A

0

10

20

30

40

N
or

m
al

ize
d 

JA
K2

ph
os

ph
or

yl
a�

on

G552A G554A

Fig. 2. Mutation of the JAK2 JH2 ATP binding site removes V617F-mediated
hyperactivation. Shown is the whole-cell lysate immunoblot from γ2A cells
transfected with full-length human JAK2-HA without exogenous receptors.
JAK2 expression levels are shown using anti-HA staining from the same
blots. Bar graph shows pJAK2(Y1007–Y1008) quantification normalized to
HA levels from immunoblots like the one shown, as averages from three
independent experiments. Error bars are SDs. See Table 1 for explanation of
the mutants.
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(Fig. 4B and Fig. S4). In line with the cell culture data with
coexpressed EPOR, K581A in otherwise wild-type JAK2 did not
affect the myeloid phenotype (Fig. 4B and Fig. S4).

An Intact ATP Binding Pocket of JH2 Is Required for Hyperactivity of
JAK2 Exon 12 and 16 Mutations and JAK1 V658F. To analyze whether
other hyperactivating JAK2 mutations are also dependent on
ATP binding to JH2, K581A and G552A G554A were inserted
to exon 12 (K539L, mutated in PV) and exon 16 JAK2 mutants
(R683S, mutated in acute B lymphoblastic leukemia) (13). K581A

and G552A G554A significantly lowered hyperphosphorylation of
both mutants (Fig. 5A).
To test the generality and functional conservation of ATP

binding in JH2 within the JAK family, studies were performed
with JAK1. Binding of MANT-ATP to JAK1 JH2 revealed tight
binding in the presence of both Mg2+ and Mn2+, with a Kd of
3.1 ± 0.2 μM (Fig. S5), which is comparable to that of JAK2 JH2
(1.3 μM). Analysis of JAK1 V658F (analogous to JAK2 V617F)
showed that mutating the ATP binding site of JAK1 JH2 with
K622A or G590A G592A (corresponding to K581A and G552A
G554A in JAK2, respectively) resulted in abrogation of V658F-
induced JAK1 hyperphosphorylation (Fig. 5B). In contrast to the
results for JAK2, basal phosphorylation levels of JAK1 were re-
duced to nearly undetectable levels in K622A and G590A G592A
in the context of both wild type and V658F.

Molecular Dynamic Simulations Imply a Stabilizing Effect for ATP
Binding on the Structure of JH2. Molecular dynamic simulations
were performed to explore the structural consequences of JH2
ATP binding. JAK2 JH2 wild type and V617F were simulated for
3.5 μs in the presence of ATP, and the results were compared
with simulations of the domains without ATP (16). An overall
reduction in flexibility of JH2 was observed upon ATP binding,
with reductions in root-mean-square fluctuation and deviation
(Fig. S6 A–C). The largest stabilization was seen in loop regions
in both the N and C lobes that participate in the autoinhibitory
JH2–JH1 interaction (5, 18), such as the β2–β3 loop (containing
Tyr570) and the β6–β7 loop (containing Arg683), the latter of
which showed large reduction in mobility only in wild-type JH2
(Fig. S6A). Interestingly, the dynamics of ATP-bound wild-type
and V617F JH2 were highly similar, with the exception of the
region encompassing αC, which was more stable in V617F (Fig.
6). Secondary structure analysis of αC showed that the time αC
residues (587–602) were in an α-helical conformation increased
upon ATP binding from 41% to 65% in wild type and from 73%
to 84% in V617F (Fig. S6D) (16). Taken together, these data
imply a stabilizing effect for ATP binding on JH2 and a differ-
ence in the αC region of ATP-bound JAK2 JH2 V617F com-
pared with wild type.

Discussion
A recent study evaluating nucleotide binding in 30 pseudokinase
domains indicated that almost half of pseudokinases retain nucle-
otide binding, which in most cases is not associated with phos-
photransfer activity (20). These and similar observations (23, 28–
31) have brought up the question about the functional role of ATP
binding in pseudokinases. Here we have addressed this question in
the JAK2 pseudokinase domain, focusing on its pathogenic mu-
tants. The most striking finding of our study is that JH2 nucleotide
binding plays a critical role in pathogenic activation of JAKs.
Specifically, our in vitro and in vivo results show that ATP
binding-deficient JH2 mutants suppress the hyperactivation of
pathogenic JAK2, whereas the same alterations do not signifi-
cantly affect the activation characteristics of wild-type JAK2.
Our results are consistent with an earlier study, in which

mutation of the JH2 β3 lysine (K581R) was found to decrease
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Fig. 3. Disruption of the JAK2 JH2 ATP binding site is distinct from structural
disruption. (A) JAK2(Y1007–Y1008) phosphorylation of JAK2 mutants in the
presence of type I cytokine receptor (EPOR) in γ2A cells. Basal JAK2 phos-
phorylation in the absence of EPOR expression is shown on the left.
(B) STAT5A(Y694) phosphorylation from the same samples as pJAK2 in A.
Phosphorylation was measured from whole-cell lysates of transfected γ2A
cells using immunoblotting and normalized to JAK2-HA and STAT5-HA ex-
pression levels, respectively. Expression levels of EPOR were analyzed by
immunoblotting with anti-HA and found to be equal. (C) STAT1(Y701)
phosphorylation of endogenous STAT1 in γ2A cells. Bar graph shows quan-
tification of pSTAT1 from immunoblots normalized to basal pSTAT1 levels in
cells transfected with wild-type JAK2 (leftmost sample). Actin is shown as a
loading control. All error bars are SDs from three independent experiments.
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JAK2 V617F hyperphosphorylation (32). Our characterization
of the nucleotide binding and thermal stability of JH2 ATP
binding site mutants (Fig. 1B) distinguishes the effect of ATP
binding from potential structural destabilization caused by the
mutations. This leads us to conclude that the inhibition of V617F
hyperactivity is due to changes in JH2 caused by loss of nucle-
otide binding (Figs. 2 and 4A). The loss of pathogenic activation
was observed with three pathogenic mutations (V617F, R683S,
and K539L) (Figs. 2 and 5), all of which disrupt the autoinhibitory
JH2–JH1 interdomain interaction (18). The mutations are located
in different regions of JH2, indicating that the underlying mech-
anism for reduction of hyperactivity is not mutation specific but
rather is a common effect on aberrantly activated JAK2.
The effects of JH2 ATP binding site mutations on otherwise

wild-type JAK2 were small: normal cytokine stimulation but a
slightly increased basal activity in the absence of type I cytokine
receptors (Fig. 2), which was abolished by expression of EPOR
(Fig. 3A). This is distinctly different from structurally disrupted
JH2, as demonstrated by F739R, which effectively removes both
aspects of JH2 function––namely, inhibition of basal activity and
response to stimulation (Fig. 3 A and B)––thus mimicking JAK
JH2 deletion (1, 6, 7). Interestingly, mutating the ATP binding
site of JAK1 JH2 showed reduced basal activity (Fig. 5B), which
we speculate is due to different modes of regulation of basal JAK
activity in homo- (JAK2) and heterodimeric (all JAKs) receptor
configurations.
The JH2 domain likely arose early in evolution through du-

plication of JH1, and the two domains have since taken a dif-
ferent evolutionary path with distinct regions conserved in each
of them (33), indicative of their respective separate functional
roles. As JH1 maintained the substrate phosphorylation func-
tion, the catalytic function in JH2 became redundant and has
consequently been lost, with the exception of regulatory auto-
phosphorylation in JAK2. Interestingly, JH2 ATP binding
ability is conserved in JAK1 and TYK2 (JAK3 unknown), even
though a precise function in wild-type JAK1/TYK2 cannot be
ascertained from current data. Nevertheless, the relatively high
binding affinity (Fig. 1D, Fig. S5, and ref. 17), combined with
low or absent hydrolysis and high cellular ATP concentrations,
likely results in constitutively bound ATP in JH2, thus making
ATP essentially a structural component of the JAK pseudoki-
nase domain.
The effects of nucleotide binding to the structure of JH2 are

subtle: mainly rigidification of αC in the ATP-bound form (16).
Why is it then that the loss of nucleotide binding has a pro-
nounced effect in V617F but not in wild type? TSA shows that
the V617F mutation significantly reduces the Tm of JAK2 JH2
compared with wild type (Fig. 1C), yet ATP binding to both wild

type and V617F causes equal thermal stabilization. These data
suggest that the V617F mutation destabilizes JAK2 JH2 and
renders it thus more sensitive to the loss of the stabilizing effect
of ATP, as even ATP-bound JH2 V617F does not reach the Tm
of wild type (Fig. 1C). Whether this sensitivity is due to overall
destabilization of JH2 V617F or a specific structural alteration
cannot be definitively determined from current data, but molec-
ular dynamic simulations hint at a critical role for the αC region.
The main structural effects due to ATP binding in JH2 are

observed in αC, and mutations in αC (e.g., F594A, F595A) have
been shown to reverse hyperactivation of several mutations
scattered throughout the JAK2 JH2–JH1 interface (18, 34, 35).
Although in the case of V617F, which is proximal to αC, F595A
might reconstitute a disrupted autoinhibitory JH2–JH1 interface,
a more likely explanation for the suppressive effects of ATP
binding mutations (and of F594A, F595A) is that pathogenic
hyperactivation is dependent on a yet-to-be-characterized posi-
tive regulatory interaction mediated by JH2, which probably in-
volves αC and is therefore sensitive to its conformation.
The modulatory nature of nucleotide binding pocket occupa-

tion has previously been documented in the kinase and pseu-
dokinase literature. Protein kinase C, for example, has been
shown to be regulated by noncatalytic nucleotide binding (30).
Also, in the pseudokinases STRADα (28, 36) and integrin-linked
kinase (ILK) (23, 31), ATP binding is required to enable critical
protein–protein interactions. Interestingly, ATP binding is nec-
essary for ILK function, even though no major ATP binding-
induced structural changes could be detected using multiple
biophysical methods (23). Also, the allosteric regulatory function
of the HER3 pseudokinase has been shown to be sensitive to
modulation by an ATP mimetic inhibitor (29). Furthermore, some
pseudokinases that are incapable of binding ATP, like Vaccinia-
related kinase 3, effectively mimic the ATP-bound conformation
through bulky and acidic amino acid substitutions in the active site
(37). Because almost half of pseudokinases studied so far possess
some form of nucleotide binding activity (20), it seems likely that
future studies will find even more evidence for a functional role of
ATP binding in this group of proteins.
The results presented here reveal that the ATP binding site of

JAK JH2 has characteristics to serve as a potential target site for
modulators and/or mutant-selective inhibitors of JAK activity.
Loss of JH2 ATP binding abrogates hyperactivation of mutant
JAK2 in cells and in vivo while leaving wild-type JAK2 largely
unaffected. Current pharmacological interventions at JAKs tar-
get JH1, and although these inhibitors have brought important
advances in the treatment of PMF and PV patients, they are
unable to eradicate the disease and they also affect wild-type JAKs
(38). Targeting JH2 with conformation-specific ATP binding site
inhibitors may give rise to novel pharmacological compounds able
to allosterically inhibit pathogenic JAK activity.
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Fig. 5. Analysis of ATP binding site mutants in other JAK2 disease muta-
tions and JAK1 JH2. (A) JAK2(Y1007–Y1008) phosphorylation in γ2A cells
transfected with JAK2 mutants. K539L and R683S are disease mutations lo-
cated in JAK2 JH2. (B) JAK1(Y1022–Y1023) phosphorylation from COS7 cells
transfected with full-length JAK1-HA. JAK1 V658F is analogous to JAK2
V617F. Bar graph shows quantification of phosphorylation from immuno-
blots, as described for Fig. 2. Error bars are SDs from three independent
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Materials and Methods
Cell Culture, Transfection, and Immunoblotting. JAK2-deficient γ2A fibrosar-
coma cells and COS7 cells were cultured using standard cell culture methods
and transfected with full-length human JAK2-HA, human STAT5A-HA,
and human EPOR-HA using FuGENE6 (Promega) or Xtreme-GENE9 (Roche)
according to the manufacturers’ instructions. After 10 h cells were starved
in serum-free medium overnight and stimulated for 30 min with human
EPO or human IFNγ. After stimulation, cells were lysed into Triton-X cell
lysis buffer and centrifuged, and the supernatant was used directly for
SDS/PAGE and immunoblotting. Blots were double-stained with phos-
phospecific antibodies and anti-HA and detected with a mix of IRDye-
labeled secondaries. Blots were read and quantified using a LI-COR Odyssey
CLx. A minimum of three independent experiments were performed for
each condition.

Retroviral Transduction and Bone Marrow Transplantation. For details on
retroviral transduction and bone marrow transplantation, see SI Materials
and Methods. All experiments were performed in strict adherence to Swiss
laws for animal welfare and approved by the Swiss Cantonal Veterinary
Office of Basel-Stadt.

Molecular Dynamic Simulations. Simulations were carried out as described
previously (16). Trajectories were analyzed using VMD (visual molecular
dynamics) (39).

In Vitro Biochemical Assays on Recombinant Proteins. Recombinant proteins
were expressed in Sf9 cells as detailed earlier (17). After cell collection and
Ni-NTA purification, protein was either used as such [JAK2(536–812-6xHis)
for TSA] or subjected to anion exchange purification as described earlier (17)
[JAK2(513–827-6xHis) and JAK1(553–856-6xHis) for MANT-ATP binding as-
says]. TSA experiments were carried out essentially as described in ref. 20.
The MANT-ATP binding assay is described in ref. 40.
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