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ABSTRACT: Somatic mutations in the Jak2 allele that lead to constitutive kinase activation of the protein have
been identified in human disease conditions such as the myeloproliferative neoplasms (MPNs). The most
common mutation in these patients is a V617F substitution mutation, which is believed to play a causative
role in the MPN pathogenesis. As such, identifying the molecular basis for the constitutive activation of
Jak2-V617F is important for understanding its clinical implications and potential treatment. Here, we hypothe-
sized that conversion of residue 617 from Val to Phe resulted in the formation of novel π stacking interactions
with neighboring Phe residues. To test this, we first examined the Jak2 structure via molecular modeling and
identified a potential π stacking interaction between F594, F595, and F617. Disruption of this interaction
through site-directed mutagenesis impaired Jak2 autophosphorylation, Jak2-dependent gene transcription,
and in vitro kinase activity of the Jak2-V617F protein. Further, substitution of F594 and F595 with Trp did
not affect Jak2 function significantly, but replacement with charged residues did, showing the importance
of aromaticity and hydropathy index conservation at these positions. Using molecular dynamics (MD)
simulations, we found that the π stacking interaction between residues 595 and 617 in the Jak2-V617F protein
was of much greater energy and conformed to the properties of π stacking, relative to the Jak2-WT or Jak2-
V617F/F594A/F595A. In summary, we have identified aπ stacking interaction between F595 andF617 that is
specific to and is critical for the constitutive activation of Jak2-V617F.

Jak21 is a nonreceptor tyrosine kinase belonging to the Janus
(Jak) family of tyrosine kinases. Other family members include
Jak1, Jak3, and Tyk2. Jak2 is essential for life as mice that are
devoid of a functional Jak2 allele die during embryonic devel-
opment due to a lack of definitive erythropoiesis (1, 2). As such, it
plays a critical role in a number of cytokine-dependent signaling
processes including those actions that are mediated by the
erythropoietin receptor (3, 4).

Deregulation of Jak2 kinase activity is a common event in
various types of cancer especially in hematological neoplasias
such as the classical myeloproliferative neoplasms (MPNs).
MPNs were first described by William Dameshek in 1951 as a
class of stem cell derived hematological disorders that include
polycythemia vera (PV), essential thrombocythemia (ET), and
primary myelofibrosis (PMF). They are clinically characterized
by the presence of increased peripheral red blood cells, platelets,
or neutrophils along with bone marrow fibrosis, respectively (5).
Unfortunately, current treatments aremerelypalliative innature (6).
In 2005, several research groups independently reported a G to T
transversion within exon 14 of Jak2 to be responsible for the
MPN phenotype in a large percentage of afflicted individuals
(7-11). This mutation manifests as a Val to Phe substitution at

position 617 in the Jak2 protein. The Jak2-V617F mutant, which
occurs somatically in hematopoietic stem cells, is responsible for
the constitutive activation of Jak2, subsequent cytokine indepen-
dent signaling, and pathogenesis. However, the precise molecular
and biochemical events of the V617F mutation that allow for its
gain-of-function phenotype and subsequent evasion of negative
feedback regulation are poorly understood.

Based on structural homology, Jak2 is predicted to have a
multidomain architecture consisting of seven conserved Jak
homology (JH) domains. The C-terminal JH1 domain is a highly
conserved kinase domain and is responsible for ATP binding, Jak2
activation, and substrate phosphorylation. The JH2 domain is
the pseudokinase domain. Though the structure of JH2 is similar to
the kinase domain, it lacks catalytic activity. Interestingly, in the
absence of ligand, the JH2 domain inhibits the phosphotransferase
activity of the kinase domain. JH2-mediated inhibition is intrinsic
and does not require other regulatory proteins. It inhibits the
kinase activity noncompetitively by decreasing the maximum velo-
city (Vmax) of the enzyme catalysis but does not change its substrate
affinity (Km) (12). The V617F substitution mutation in the auto-
inhibitory JH2 pseudokinase domain allows the kinase to evade
this cis negative regulation by lowering its Km value for sub-
strates (13). Exactly how the JH1 and JH2 domains interact is not
known.Todate, the only region of Jak2 that has been crystallized is
a portion of the Jak2 kinase domain (14). Accordingly, computa-
tional models have been generated, and they suggest a possible
JH1-JH2 interface consisting of residues D994-E1024 in the
JH1 kinase domain and V617-E621 in the JH2 autoinhibitory
domain (15, 16).

†This work was supported by National Institutes of Health Award
R01-HL67277, an American Heart Association Florida/Puerto Rico
Affiliate Grant in Aid (0855361E), and a University of Florida/Moffitt
Cancer Center Cooperative Funding Initiative Award.
*To whom correspondence should be addressed. Tel: 352-392-1816.

Fax: 352-846-0270. E-mail: psayeski@ufl.edu.
1Abbreviations: Jak2, Janus kinase 2; STAT, signal transducers and

activators of transcription; MPN, myeloproliferative neoplasms; MD,
molecular dynamics.



Article Biochemistry, Vol. 49, No. 46, 2010 9973

π (pi) stacking is a nonbonded interaction which can occur
between aromatic molecules or those with a π-orbital. In
proteins, it is usually present between the side chain aromatic
rings of amino acids like Phe, Tyr, or Trp. π stacking interactions
exist in two configurations: an off-centered parallel ring-ring
interaction (1p) and a perpendicular T-shaped ring-ring inter-
action (1t) (17). The significance of the π stacking interaction has
been realized in base stacking among the nucleotide bases in
DNA. It also plays an important role in certain DNA-protein
interactions, transmembrane domain assembly, and amyloid
fibril formation in neurodegenerative disorders (18-20). Collec-
tively, these studies demonstrate that such energetically favorable
aromatic stacking interactions stabilize protein structures. The
observation of a Val to Phe substitution at position 617 in MPN
patients suggests that its aromatic side chain could be introducing
new structural conformations in Jak2 via novel π stacking
interactions.

We therefore hypothesized that Phe 617 participates in a π
stacking interaction in the mutant Jak2-V617F. Using a combi-
nation of in silico methods such as protein homology modeling
and molecular dynamic simulations, along with site-directed
mutagenesis and in vitro cell culture studies, we conclude that
the presence of Phe at position 617 induces strong π stacking
interactions with Phe 595. Furthermore, elimination of this inter-
action significantly reduced the kinase activity of the Jak2-V617F
mutant protein. This π stacking interaction could contribute the
energy required for the stabilization of the constitutively active
conformation of Jak2-V617F that is achieved by preventing the
JH2-mediated autoinhibition over the JH1 kinase domain. As
such, by providing an improved biochemical understanding of
how the Jak2-V617F protein maintains its constitutive kinase
activity, this work may facilitate in the development of drugs
that can specifically target the Jak2-V617F protein and provide
effective therapy for those individuals suffering from Jak2-
mediated disorders.

METHODS

Homology Modeling. Homology models of the Jak2 JH2
domain were generated through the SWISS MODEL server
using haematopoietic cell kinase as an initial template (PDB
code: 1ad5a). In addition, a full-length homology model of Jak2
that was kindly provided byDr. RomanoKroemer (16) was used
for subsequent molecular dynamics simulations.
Molecular Dynamics Simulations. The simulations were

performed using the NAMD analysis package developed by the
Theoretical and Computational Biophysics Group at the Uni-
versity of Illinois at Urbana-Champaign (21). To maximize the
simulation time, the full-length homology model of Jak2 was
truncated to residues 545-1123; the resulting model consisted of
the JH2 pseudokinase domain and the JH1 kinase domain. High
hydrophilicity cavities inside the protein were filled with water
molecules using the programDOWSER (22), and the proteinwas
enclosed in a water box with 10 Å padding. Sodium and chloride
ions were added to neutralize the system. All simulations were
performed using the CHARMM force field (23) with particle
mesh Ewald electrostatics and periodic boundary conditions.
The pressure and temperature of all systemswere held constant at
310Kand 1 atm, respectively. The time step for the simulationswas
1 fs. Initially, the protein motion was restricted using harmonic
constraints as the system was minimized for 0.25 ns, then the
constraintswere relaxed, and the systemwas equilibrated for 1 ns.

No analysis was performed on the minimization and equilibra-
tion data. Finally, each systemwas simulated for 20 ns as the final
production run.
Plasmids and Reagents. The pcDNA3 vector encoding the

full-length human Jak2 cDNA was a kind gift from Dr. Joe
Zhao (11). The pGEX-GST-STAT1 plasmid was graciously
provided by Dr. Showkat Ali (24). The luciferase gene reporter
construct, pLuc-GAS, contained four tandem copies of the
Jak2 responsive interferon gamma activation sequence (GAS)
response element upstream of a minimal thymidine kinase pro-
moter and the firefly luciferase cDNA. Western blotting anti-
bodies used for detection of Jak2 were purchased fromMillipore
and BioSource. The anti-Jak2 antibody used for immunoprecip-
itation was from Santa Cruz Biotechnology. Antibody to detect
phospho-Jak2 was purchased from BioSource. Anti-STAT1
antibody was from Santa Cruz and anti-phospho-STAT1 anti-
body was from Millipore.
Site-Directed Mutagenesis. All mutations were created

using the Quik-Change site-directed mutagenesis kit purchased
from Stratagene/Agilent Technologies. The primers were from
OriGene and Invitrogen. All mutations were confirmed by DNA
sequence analysis.
Cell Culture. COS-7 cells were cultured in high glucose

DMEM (4.5 g/L) with 10% fetal bovine serum at 37 �C and in
the presence of 5% CO2.
Transient Cell Transfections. COS-7 cells were transiently

transfected with 10 μg of the respective plasmids using Lipofectin
(Invitrogen). The transfection complexes were incubated with the
cells for 4 h at 37 �C, followed by 1 h incubationwith the T7RNA
polymerase expressing vaccinia virus, vTF-7. After 16-20 h of
recovery in serum-containing media, soluble protein lysates were
obtained and used for subsequent immunoprecipitation and
Western blotting.
Immunoprecipitation. Transfected cells were collected using

900 μLofRIPAbuffer per 100mmdish of cells, in the presence of
protease inhibitors. The cells were lysed further by sonication and
incubated on ice for 30 min. Insoluble debris was pelleted via
high-speed centrifugation, and the cleared supernatant was used
for immunoprecipitation. Each supernatant was incubated with
2 μg of anti-Jak2 antibody and 20 μL of protein A/G beads
(Santa Cruz) at 4 �Cwith rocking for 2 h. The beads were washed
three times in wash buffer (25 mM Tris, pH 7.5, 150 mM NaCl,
and 0.1%Triton X-100) and then resuspended in SDS-containing
sample buffer.
Western Blotting. Protein samples were separated by SDS-

PAGEand then transferred electrophoretically onto nitrocellulose
membranes. Membranes were blocked for 45 min followed by
1 h incubation with the respective primary antibodies at room
temperature. Membranes were washed three times with TBST
before incubationwith secondary antibodyand subsequentwashing.
Protein bands were detected using the enhanced chemilumines-
cence method (Perkin-Elmer) and X-ray film (MidSci).
Luciferase Assay. COS-7 cells cultured in 100 mm dishes

were cotransfected with 5 μg of the indicated Jak2 expression
plasmids alongwith 5μgof luciferase plasmid in 60μLof SuperFect
(Qiagen) for 3 h at 37 �C. The cells were then trypsinized and
plated onto six-well plates at a density of 6 � 105 cells per well.
After 48 h of recovery, the cells were lysed using 0.5 mL of 1X
reporter lysis buffer (Promega) per well. Luciferase activity in the
cell lysates was measured as relative luminescence units (RLU) in
the presence of luciferin substrate (Promega) and ATP using a
Monolight Model 3010 luminometer (BD Biosciences).
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Kinase Assay. COS-7 cells were transiently transfected with
the indicated plasmids, and Jak2 was immunoprecipitated as
described. The Jak2 immunoprecipitates were washed twice in
IP wash buffer and twice in kinase buffer (10 mM Tris, pH 7.4,
150mMNaCl, 10 mMMgCl2, 0.5mMDTT, and 0.5mMATP).
GST-STAT1 was expressed in and purified from Escherichia coli
as previously described (24). Jak2 immunoprecipitates were incu-
bated with 1 μg of GST-STAT1 for 25 min at 28 �C in 50 μL of
kinase buffer. Reactions were stopped by the addition of 4X SDS
sample buffer and subsequently Western blotted for phospho-
Jak2, phospho-STAT1, total Jak2, and total STAT1 as described.
Statistical Analysis. All of the experiments were repeated at

least three times. Statistical significance of the results from
luciferase assay and densitometry of Western blotting were
calculated using Student’s t-test. Distributions with p values
<0.05 and <0.005 were considered to be significant with 95%
and 99.5% confidence levels, respectively.

RESULTS

F617 Interacts with F594 and F595 in the JH2Domain of
Jak2-V617F. In order to identify the molecular mechanism of
constitutive activation in Jak2-V617F, we examined the changes
that occur in the immediatemolecular environment of amino acid
617. In the absence of a crystal structure of the JH2 domain, we
analyzed the homology model of this region using the UCSF

molecular visualization software, Chimera (25). The V617F
mutation was introduced in the Jak2-WT model, and the
rotamers of the mutated amino acid were optimized based on
torsion angles and steric hindrances (Figure 1A,B). The distances
between the nearest carbon atoms of residues 617, 594, and 595 in
both Jak2-WT and Jak2-V617F were determined (Figure 1C,D).
It was found that the distance between F594/F595 and the amino
acid at position 617 in Jak2-V617F (F617) was less than that in
Jak2-WT (V617). Based on the homology models and rotamer
optimization of both the native and V617F JH2 domains, we
hypothesized that the V617F mutation resulted in the formation
of an aromatic-aromatic stacking (π stacking) interaction
between residues F594, F595, and F617, which was absent in
Jak2-WT.

In summary, using homology modeling we identified possible
π stacking interactions between the mutated F617 and residues
F594 and/or F595.
Potential π Stacking Interaction between Residues 617

and 595 Is Stronger in Jak2-V617F Than Jak2-WT. As a
next step, we wanted to validate the homology model results
using molecular dynamics (MD) simulations. MD simulation
explicitly calculates the forces between all atoms of a system
integrated over a period of time,mimicking the natural motion of
atoms in a physiological environment and, hence, allowing for an
examination of the effect of a specific mutation in the context of

FIGURE 1: The V617Fmutation induces a possible π stacking interaction between F594, F595, and F617 in Jak2. (A, B) Cartoon representations
of the Jak2-WT and Jak2-V617F JH2 domain homology models, respectively, generated using SWISS MODEL and visualized with Chimera.
(C, D) The distances between F594 (white), F595 (yellow), and 617 (magenta) were lesser in Jak2-V617F when compared to Jak2-WT. All of the
distances were calculated using the Structural Analysis tools in Chimera.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1014858&iName=master.img-000.jpg&w=355&h=368
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an entire molecule. For Jak2-WT, we found that V617 predomi-
nantly interacts with V1000 in the activation loop of the JH1
domain and has a very weak interaction with F595 (Figure 2A
and see movie S1 in Supporting Information). Due to the auto-
inhibition of the JH2 domain over JH1, the activation loop that
includes residues Y1007 and Y1008 remains buried within the
kinase domain in an inactive state. In contrast, the simulation of
Jak2-V617F showed that the interaction between F595 and F617
significantly strengthened over timewhile the interaction between
F617 and V1000 weakened (Figure 2B and see movie S2 in
Supporting Information). However, the interaction between
F594 and F617 did not change. Because of the stronger interac-
tion between F595 and F617, the interaction of 617 in the JH2
domain with 1000 in the JH1 domain was broken, resulting in the
movement of the kinase domain activation loop away from the
inhibitory JH2domain. Thismotion of the activation loop,which
was specifically observed inV617F, could have potentially shifted
Y1007 and Y1008 to a more favorable conformation that was
suited for Jak2 activation. Thus, theMDsimulations of Jak2-WT
and Jak2-V617F represent the inactive and active states of the
enzyme, respectively. Presumably, conversion of the F594/F595

aromatic rings to A594/A595 would disrupt any potential π
stacking interaction with the aromatic F617 in the V617F
mutant. Therefore, we introduced the F594A and F595A muta-
tions into the Jak2-V617F model and observed that the F617
shifted its interaction from 595 back to V1000 in the JH1 domain
(Figure 2C and see movie S3 in Supporting Information). This
was followed by an accompanying shift in the conformation of
the activation loop back to a native-like, inactive state.

In order to understand the significance of these changes
induced by the V617F mutation at the JH1-JH2 interface, we
compared the average energy of the nonbonded interactions that
occur between residues 617-595 and 617-1000 in Jak2-WT,
V617F, and V617F/F594A/F595A using the NAMD energy
plug-in. In the case of energy between 595 and 617, the values
of the mean interaction energy were found to be -1.87 kcal/mol
for Jak2-WT, -3.4 kcal/mol for Jak2-V617F, and -0.77 kcal/
mol for Jak2-V617F/F594A/F595A (Figure 2D). These results
indicate that the interaction between 595 and 617 in Jak2-V617F
was stronger than in Jak2-WT or Jak2-V617F/F594A/F595A.

Further, an increase in the interaction between F595 and F617
should cause changes in the interaction at the JH1-JH2 interface.

FIGURE 2: Apotentialπ stacking interactionbetweenF595andF617 in Jak2-V617Fweakens the interactionbetweenF617andV1000.Snapshots
of theMDsimulations for Jak2-WT (A), Jak2-V617F (B), and Jak2-V617F/F594A/F595A (C) at 20 ns focusing on the JH1 (orange)-JH2 (cyan)
interface. Amino acid 594 is highlighted in light green, 595 in dark green, 617 inmauve, and 1000 in white. The activation loop is shown in yellow,
and residues Y1007 and Y1008 are shown in blue. (D) Comparison of the nonbonded energy calculated between residues 595 and 617 among
Jak2-WT (black), Jak2-V617F (red), and Jak2-V617F/F594A/F595A (blue) using NAMD energy. (E) Comparison of the nonbonded energy
calculated between residues 617 and 1000 among Jak2-WT (black), Jak2-V617F (red), and Jak2-V617F/F594A/F595A (blue) using NAMD
energy. (F) Comparison of the distance calculated between the specific carbon atoms of 617 and 1000 among Jak2-WT (black, V617CBandV1000
CB), Jak2-V617F (red, F617 CZ and V1000 CB), and Jak2-V617F/F594A/F595A (blue, F617 CZ and V1000 CB) using the VMD graphics tools.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1014858&iName=master.img-001.jpg&w=302&h=374
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Specifically, we compared the change in distance and interaction
energy between residues 617 and 1000 among Jak2-WT, V617F,
and V617F/F594A/F595A. The mean values of the nonbonded
interaction energy between 617 and 1000 were found to be
-0.69 kcal/mol for Jak2-WT, -0.14 kcal/mol for Jak2-V617F,
and-1.55 kcal/mol for V617F/F594A/F595A (Figure 2E). Accord-
ingly, we observed that as the interaction between 595 and
617 strengthened in Jak2-V617F, simultaneously, the distance
between residues F617 (JH2) and V1000 (JH1) increased
(Figure 2F). The increase in this distance was also accompanied
by a reduction in the interaction energy relative to Jak2-WT.
However, when F594 and F595 were mutated to alanine in Jak2-
V617F, the distance between residues 617 and 1000 decreased
while the interaction energy increased. Interestingly, the distance
and energy of interaction between 617 and 1000 in V617F/
F594A/F595A were comparable to that of Jak2-WT.

Collectively, the data in Figure 2 indicate that the interaction
between F595 and F617 in Jak2-V617F replaces the one between
V617 and V1000 in Jak2-WT, thereby reducing the interaction
between JH1 and JH2 domains. Furthermore, mutation of the
aromatic Phe at positions 594 and 595 to Ala weakens the
interaction with F617 and thereby restores the interaction
between F617 in the JH2 domain and V1000 in the JH1 domain.
Finally, the simulations indicate that there is no direct interaction
between F594 and F617, though the F594A mutation affects the
interaction between the JH1and JH2 domains.
Potential π Stacking Interaction between 595 and 617 Is

Critical to the Constitutive Activation of Jak2-V617F. We
next wanted to observe the effects of the V617F and F594A/
F595A mutations in the context of the overall JH1-JH2 inter-
action and hence the conformation of the kinase domain. To do
this, we generated surface representations of the Jak2 proteins

FIGURE 3: A potential π stacking interaction between F595 and F617 alters the JH1-JH2 interaction and active site conformation in Jak2-
V617F. (A) Snapshots of the surface representations of the JH1 (orange) and JH2 (cyan) domains generated in VMD viewer from the MD
simulations of Jak2-WT, Jak2-V617F, and Jak2-V617F/F594A/F595A at 20 ns. The activation loop is shown in yellow, with residues Y1007/
Y1008 in blue, V1000 in white, V/F617 in mauve, and F595 in green. Distance between the JH1 and JH2 domains is represented by the white
double-headed arrow. (B) Cartoon representation of the JH1 kinase domain for Jak2-WT, Jak2-V617F, and Jak2-V617F/F594A/F595A,
displaying the active site conformation.N859 is shown inmagenta, catalytic loop is shown in cyan (K970-N981), activation loop (D994-E1024)
is shown in yellow, and the unique Jak2 insertion loop (S1056-I1078) is shown in ice blue (top). The change in distance between the two is
indicated by a white double-headed arrow in a magnified view of the active site (bottom). (C) Comparison of the distance calculated between
the specific carbon atoms of 859 and 1064 among Jak2-WT (black, N859 CG andM1064 CE), Jak2-V617F (red, N859 CG andM1064 CE), and
Jak2-V617F/F594A/F595A (blue, N859 CG and M1064 CE) using the VMD graphics tools.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1014858&iName=master.img-002.jpg&w=304&h=409
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using the visual molecular dynamics (VMD) viewer (26). As
shown in Figure 3A, the V617-V1000 interaction is involved in
forming the interface between the JH1 and JH2 domains. Upon
mutation ofV617 toF617, this interaction is lost, causing the JH1
and JH2 domains to move apart. However, the F594A/F595A
mutation restores the interaction of F617 in the JH2 domainwith
V1000 in the activation loop, thus bringing the JH1 and JH2
domains closer together. This change in distance between the
JH1-JH2 domains caused by the mutations also affects the
change in the conformation of the active site (Figure 3B). Specifi-
cally, there was a change in the interaction between N859 in the
nucleotide-binding loop (G856-G861) that binds the β-phosphate
of ATP (14, 15) and M1064 in the unique Jak2 insertion loop
(S1056-I1078). We measured the distance of interaction between
the two residues among Jak2-WT, Jak2-V617F, and Jak2-V617F/
594A/F595A (Figure 3C). We observed that N859 and M1064
interact closely in Jak2-WT. This interaction appears to close the
active site and prevent the binding of substrate and ATP, thereby
creating an inactive kinase state. In Jak2-V617F, there was an
increase in the distance between N859 and M1064. This indicated
that the interaction between the nucleotide-binding loop and the
insertion loop was lost, thereby opening the active site to resemble
an active kinase state. However, when F594 and F595 were
mutated to Ala in the context of Jak2-V617F, the interaction
between the nucleotide-binding loop and the insertion loop was
partially restored, resulting in a constrained entrance to the active
site and therefore reduced accessibility to ATP and substrates.

Collectively, Figure 3 illustrates the disruptive effect of the
V617F mutation on the JH1-JH2 interaction, which in turn
induces changes in the active site conformation of the kinase
domain, thus resulting in a constitutively active kinase state.
However, this effect is reversed upon introducing the mutations
F594A/F595A, again emphasizing the role of F594 and F595 in
the mechanism for Jak2-V617F constitutive activation.
F594, F595, and V617 Are Conserved across Diverse

Species and among Jak1, Jak2, and Tyk2 but Not Jak3. To
further understand the role of F594 and F595 in Jak2-V617F
function, we examined the amino acid sequence conservation at
these positions. Multiple sequence alignment of the Jak2 pro-
tein sequence from a diverse variety of species confirmed that all
three residues, F594, F595, andV617, were completely conserved
(Figure 4A). This appears to convey the evolutionary significance
of these three amino acids at the respective positions. Next, we
examined the conservation of F594, F595, and V617 among
the other members of the human Jak kinase family. Interestingly,
we found that onlyF594was conserved among all familymembers
(Figure 4B). At position 595, aromatic amino acids were present
in Jak1, Jak2, andTyk2but not Jak3,which hadLeu, an aliphatic
amino acid. Nevertheless, the hydropathy index at the position
595 was highly conserved among all the Jak family members.
Hence, hydrophobicity and aromaticity of the amino acid side
chain present at 595 may contribute toward the regulation of
Jak2 activation.
Mutation of F594, F595 to Ala Reduced Jak2-V617F

Autophosphorylation and Kinase Activity. Phosphorylation
at Y1007 is required for maximal Jak2 catalytic activity (27), and
the Jak2-V617F mutant is known to be hyperphosphorylated at
this position (7-11, 28). Therefore, based on our in silico studies
(Figures 1-4), we hypothesized that the interaction between
F594, F595, and F617 is important for Jak2-V617F hyper-
phosphorylation at Y1007. To test this, we used site-directed
mutagenesis to determine whether mutation of F594 and F595 to

Ala, either individually or in combination,would affect Jak2-V617F
autophosphorylation. For this, COS-7 cells were transfected
with 10 μg each of either empty vector, Jak2-WT, Jak2-V617F,
Jak2-V617F/F594A, Jak2-V617F/F595A, or Jak2-V617F/F594A/
F595A plasmids. The following day, phosphorylation at pY1007
was determined via immunoprecipitation with anti-Jak2 anti-
body andWestern blot analysis with anti-phospho-Jak2 (pY1007/
pY1008) antibody. We found that the Jak2-V617F displayed
higher levels of autophosphorylation relative to Jak2-WT
(Figure 5A, top). However, mutation of either F594 or F595
alone, or both in combination, reduced Jak2-V617F autophos-
phorylation. The same membrane was reprobed with anti-Jak2
antibody in order to determine the levels of total Jak2 protein
(Figure 5A, bottom). The levels of pY1007/pY1008 autophos-
phorylation, normalized to total Jak2 protein from five indepen-
dent experiments, were then graphed (Figure 5B). The cumula-
tive results indicate that mutation of either F594 or F595 alone,
or both in combination, significantly reduced Jak2-V617F auto-
phosphorylation.

Having examined the effects of F594A/F595A on Jak2 auto-
phosphorylation, we next wanted to determine the effects of
F594A/F595A on Jak2-V617F-mediated substrate phosphoryla-
tion. GST-STAT1, expressed and purified from E. coli, was used
as a Jak2 kinase substrate. Jak2 protein was immunoprecipitated
from transfectedCOS-7 cells as described above, and the immuno-
precipitates were incubated with the GST-STAT1 substrate.
After terminating the kinase reactions, the samples were sepa-
rated by SDS-PAGE andWestern blotted for phospho-STAT1,
phospho-Jak2, total STAT1, and total Jak2. A representative
blot is shown as Figure 5C, and the ratios of phospho-STAT1 to
total STAT1 from three independent experiments are shown as
Figure 5D. Consistent with the autophosphorylation results, the
Jak2-V617Fwas hyperkinetic relative to Jak2-WT in phosphory-
lating STAT1. However, mutations at either F594 or F595, or
both in combination, significantly reduced the ability of Jak2-
V617F to phosphorylate the GST-STAT1 substrate.

In summary, a Jak2-V617F protein that carries mutations of
either F594A or F595A, or both in combination, had signifi-
cantly reduced autophosphorylation and phosphotransferase
activity when compared to Jak2-V617F. As such, the data
indicate that both F594 and F595 play important roles in the
activation and subsequent catalytic activity of Jak2-V617F.

FIGURE 4: Jak2 sequence conservation at F594, F595, and V617.
Multiple sequence alignment of the human Jak2 primary amino acid
sequencewithdifferent species (A) andwithother human JAKfamily
members (B). Sequence conservation at F594 andF595 is highlighted
in blue and that at position V617 is shown in orange. The noncon-
served amino acid at 595 is highlighted in pink, and that at 617 is
shown in green. The reference sequence positions are indicated for
human Jak2 protein.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1014858&iName=master.img-003.jpg&w=239&h=126
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Interaction between F594, F595, and F617 Is Important
for Jak2-Dependent STAT1/3-Mediated Gene Transcrip-
tion.Once phosphorylated by Jak2, STATproteins dimerize and
translocate into the nucleus to modulate gene transcription (29).
Therefore, we next wanted to determine how the F594A/F595A
mutations would affect STAT signaling and gene transcription
downstream of Jak2-V617F. For this, we used a luciferase con-
struct in which four copies of the STAT responsive gamma
interferon activation sequence (GAS) were placed upstream of a
minimal thymidine kinase promoter and the firefly luciferase
cDNA. COS-7 cells were cotransfected with the luciferase con-
struct and the respective Jak2 plasmids. Luciferase activity was
then plotted as a function of Jak2mutation status.We found that

expression of Jak2-V617F resulted in >2000 times more luciferase
activitywhen compared to Jak2-WT(Figure 6).However,mutation
of either F594 or F595 alone, or both in combination, significantly
reduced the luciferase activity of Jak2-V617F to levels that were
similar to Jak2-WT. Interestingly, an approximate 2-fold increase
in the Jak2-V617F kinase activity (Figure 5) correlated with an
approximate 2000-fold change in gene transcription (Figure 6). This
indicates the amplification power of kinase activity via downstream
signaling proteins which may be due in part to either intrinsic
structural changes in the kinase caused by the mutation and/or
reduced activity of negative regulatory proteins such as the SOCS.

Collectively, the data demonstrate that the reduced autophos-
phorylation and phosphotransferase activity of the F594A and

FIGURE 5: Mutation of F594 and F595 to Ala impairs the autophosphorylation and kinase activity of Jak2-V617F. (A) COS-7 cells were
transfected with 10 μg of the indicated plasmids, and the following day, Jak2 protein was immunoprecipitated from the transfected cells and
Western blotted for phospho-Jak2 to detect autophosphorylation at Y1007 andY1008 (top). Themembrane was stripped and reprobed for total
Jak2 (bottom). (B) Jak2 autophosphorylation was quantified using densitometry for at least five independent experiments and plotted as a
function of Jak2 mutation status. (C) Immunoprecipitated Jak2 from COS-7 cells transfected with the indicated plasmids was allowed to
phosphorylate 1 μg of GST-STAT1 in vitro. Phospho-STAT1 and phospho-Jak2 levels were detected byWestern blot analysis. The membranes
were stripped and reprobed for total STAT1 and total Jak2. (D) Phosphorylation ofGST-STAT1was quantified using densitometry fromat least
three independent experiments, and the levels for eachmutant were plotted as a function of Jak2mutation status. Values are expressed asmean(
SD; *, p< 0.05; **, p< 0.005 (Student’s t-test).
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F595A mutants correlates with impaired Jak2-mediated gene
transcription.
Interaction between F594, F595, and F617 Is a Unique

Property of Jak2-V617F.While we observed that mutation of
F594 or F595 affects the activation, catalytic activity, and
downstream gene transcription in Jak2-V617F (Figures 4-6),
we next wanted to determine whether these residues were specific
for Jak2-V617F, as opposed to Jak2-WT. The homology model-
ing and MD simulations of Jak2-WT show a lack of interaction
betweenF594/F595 andV617, as there is no aromatic amino acid
at position 617 in Jak2-WT protein. Therefore, we hypothesized
that if F594 and F595 were mutated to Ala in the context of
Jak2-WT, there would not be any effect on Jak2 autophosphor-
ylation as there is no strong interaction between 594/595 and 617.

To test this, we introduced the F594A/F595A mutations into
Jak2-WT and then measured the ability of the mutant protein to
autophosphorylate. COS-7 cells were transfected with 10 μg each
of empty vector, Jak2-WT, Jak2-WT/F594A/F595A, Jak2-V617F,
or Jak2-V617F/F594A/F595A. The following day, Jak2 was
immunoprecipitated and probed for phosphorylation at Y1007
and Y1008 via Western blot analysis. A representative blot is
shown as Figure 7A, and the aggregate data from five indepen-
dent experiments are shown as Figure 7B. When normalized to
total protein, we found that the autophosphorylation levels did
not significantly change between Jak2-WT and Jak2-WT/F594A/
F595A. Conversely, for the Jak2-V617F construct, there was a
statistically significant reduction in autophosphorylation when
the F594A/F595A mutations were introduced.

Overall, the data in Figure 7 confirmed that the interaction
between F594/F595 and F617 is specific to Jak2-V617F due to its
aromatic nature and for that reason mutation of F594 and F595
does not affect the autophosphorylation capacity of Jak2-WT.
The Side Chain Structure and Hydrophobicity of Amino

Acids at 594 and 595 Are Important for the Autophos-
phorylation of Jak2-V617F. Our hypothesis is that an aro-
matic π stacking interaction between F594/F595 and F617 in the

Jak2-V617F protein is critical for its constitutive activation. The
data in Figures 4-6 show that conversion of either F594 or F595
toAla impairs the ability of the Jak2-V617F protein to autophos-
phorylate, phosphorylate a GST-STAT1 substrate, and mediate
gene transcription, respectively. It is also known that substitution
of V617 with Trp causes Jak2 constitutive activation similar to
V617F (30).We therefore reasoned thatmutation of F594 and/or
F595 to another aromatic amino acid such as Trp (W) would
reconstitute the π stacking interaction with 617 and mimic the
activity of the Jak2-V617F protein. Furthermore, we wanted to
determine if a charge-based interaction between 594/595 and 617
was sufficient to confer constitutive activation of the Jak2 protein.

FIGURE 6: Mutation ofF594 andF595 toAla impairs STAT-mediated
gene transcription downstream of Jak2-V617F. COS-7 cells were
cotransfected with 5 μg of the indicated plasmids along with 5 μg of
luciferase plasmid. Luciferase activity was measured from the cell
lysates using the reporter lysis buffer. Relative luminescence units
(RLU) were averaged from at least three independent experiments
and plotted as a function Jak2 mutation status; **, p < 0.005.

FIGURE 7: Mutation of F594 and F595 to Ala does not affect
Jak2-WT autophosphorylation. (A) COS-7 cells were transfected
with 10 μg of the indicated Jak2 expression plasmids, Jak2 protein
was subsequently immunoprecipitated from the transfected cells, and
autophosphorylation was assessed by Western blot analysis (top).
The same membrane was stripped and reprobed for total Jak2
(bottom). (B) Jak2 autophosphorylation was quantified using densi-
tometry, and the average values from at least five independent
experiments were plotted as a function of Jak2 mutation status;
*, p< 0.05.
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To determine this, COS-7 cells were transfected with the
indicated plasmids, and Jak2 autophosphorylation levels at Y1007/
Y1008 were determined via IP/Western blot analysis. Figure 8A
shows a representative blot, and Figure 8B shows the cumulative
results from three independent experiments.We again found that

V617F had significantly higher autophosphorylation when com-
pared to Jak2-WT. Conversion of F594/F595 to Trp, in the
context of V617F mutant protein, seems to reduce its autophos-
phorylation levels relative to Jak2-V617F. The V617W mutant
had autophosphorylation levels that were similar to V617F and
above Jak2-WT. Placement of Trp at all three positions (V617W/
F594W/F595W) slightly reduced its autophosphorylation capa-
city relative to Jak2-V617W. However, there was no statistically
significant difference in the autophosphorylation of Jak2-V617F,
Jak2-V617F/F594W/F595W, Jak2-V617W, and Jak2-V617W/
F594W/F595W. Finally, when the aromatic interaction was
substituted with a charge-based interaction using Lys (K) and
Glu (E), we found that the V617K/F594E/F595E and V617E/
F594K/F595Kmutants had significantly reduced autophosphor-
ylation relative to Jak2-V617F.

To test the effect of these same mutations on Jak2-mediated
gene transcription, we conducted the Jak2-mediated luciferase
assay with these constructs. As seen in Figure 8C, the gene
transcription levels of Jak2-V617F were at least 2000-fold higher
than the WT, in accordance with our previous results (Figure 6).
Interestingly, the luciferase activity of the V617F sample did not
change when F594 and F595 were mutated to Trp. The V617W
mutant generated luciferase activity that was∼2-fold higher than
V617F while that of the V617F/F594W/F595W and V617W/
F594W/F595W mutants was similar to V617F. However, there
was a marked reduction in the luminescence when 617, 594, and
595 were converted to charged residues, relative to Jak2-V617F.

In summary, substituting Phe with another aromatic and
hydrophobic residue, Trp, at position 617, 594, and 595 affected
Jak2-V617F phosphorylation moderately. However, this small
change in phosphorylation did not significantly affect down-
stream STAT-mediated gene transcription as viewed from the
luciferase assay. This variation in results could be due to the
difference in sensitivity of the two assays or because the change in
autophosphorylation did not significantly affect downstream
STAT activation. Finally, changing the nature of the 594/595/
617 interaction to a charge-based interaction using Lys and Glu,
which are basic/acidic and hydrophilic, resulted in significantly
reduced Jak2 autophosphorylation and Jak2-mediated gene
transcription. Collectively, these results underscore the impor-
tance of both the hydropathy index and aromaticity of amino
acids at 594, 595, and 617 for constitutive activation of Jak2-
V617F (Table 1).
Validation of the π Stacking Interaction between 594/

595 and 617. In order to formally demonstrate the π stacking
nature of interaction between 594/595 and 617, we measured
three standard parameters that are used to define π stacking
interactions: centroid distance and theta (azimuthal) and gamma
(yaw) angles (17). Gamma is the angle between the two normal
vectors, keeping F595 as the reference (Figure 9A and movie S4
in Supporting Information). Theta is the solid body azimuthal
angle of rotation between the centroid and the normal vectors
(Figure 9B and movie S5 in Supporting Information). We
compared these parameters between Jak2-WT, Jak2-V617F,
and Jak2-V617F/F594A/F595A in order to confirm that the
π stacking interaction between 594/595 and 617 is specific to
Jak2-V617F.

The distribution for centroid distance in Jak2-WT was uni-
modal and peaked around 5.5 Å (Figure 9C). In Jak2-V617F,
however, it was of bimodal nature with peaks at 5.5 and 6.5 Å.
These bimodal peaks are consistent with previous reports dem-
onstrating that the distribution of centroid distances between

FIGURE 8: Side chain structure and hydrophobicity of amino acids at
594, 595, and 617 are important for the constitutive activation of
Jak2-V617F. (A) Autophosphorylation of the indicated Jak2 plas-
mids was assessed by Western blot analysis as described previously
(top). The same membrane was stripped and reprobed for total Jak2
(bottom). (B) Jak2 autophosphorylation was quantified using densi-
tometry, and the average values from at least three independent
experiments were plotted as a function of Jak2 mutation status;
*, p< 0.05. (C) Luciferase assays were conducted using COS-7 cells
transfected with the indicated Jak2 expression plasmids. The average
luciferase activity (RLU) for each construct from at least three
independent experiments was plotted as a function of Jak2 mutation
status; *, p< 0.05.
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residues participating in π stacking interactions is bimodal (17).
When F594 and F595 were mutated to alanine in the context of
V617F, the bimodal distribution was lost, and the distance
between 595 and 617 increased.

After correcting for spherical polar and Euler probability
bias (17), the gamma and theta angles calculated for each of
the Jak2 simulations were plotted as probability densities. With
respect to the gamma angle, for Jak2-WT, the probability density
was at its minimum near 0� and generally increased while
approaching 90�. In contrast, for Jak2-V617F, the probability
was at itsmaximumnear 0� and generally decreasedwhile approach-
ing 90�. Again, the Jak2-V617F/F594A/F595A behaved very
similar to Jak2-WT in that the probability density was at its
minimum near 0� and increased as it approached 90�. In the case
of the theta angle, the probability density for Jak2-WT generally
decreased from 0� to 90� with no specific peak distribution. In
contrast, the probability density for the Jak2-V617F mutant had
a clear peak around 25�. Finally, for the Jak2-V617F/F594A/
F595A mutant, the distribution increased from 0� to 90� but
without a clear peak distribution. Overall, both the theta and
gamma angle distributions for Jak2-V617F were consistent with
distribution patterns for a π stacking interaction orientated in an
off-centered parallel configuration (17).

Thus, the data in Figure 9 support the existence of a π stacking
interaction between F595 and F617 in Jak2-V617F in an off-
centered parallel orientation. This π stacking interaction is
specific to Jak2-V617F due to the aromatic nature of the
participating Phe at both positions.

DISCUSSION

Due to its causative role in a number of hematopoietic
disorders, the Jak2-V617F mutation has become an area of
intense investigation. For example, studies have attempted to
quantify its mutant allele frequency in theMPNpatients, identify
its downstream signaling targets, and develop inhibitors that
specifically block it (31-33). In this study, we used a combina-
tion of in silico and in vitro studies to identify the mechanism
of constitutive activation of the Jak2-V617F protein. Here,
we report that a specific π stacking interaction between F617
and F595 relieves the autoinhibition of the JH2 domain over
the JH1 domain, resulting in the constitutive activation of the
protein.

We found that the nature of interaction between F595 and
F617 was π stacking by comparing the centroid distance and
theta and yaw angles between Jak2-WT and Jak2-V617F/
F594A/F595A. The centroid distance of the measured π stacking
interaction is within the expected range of 4.5-7.0 Å (34). Based
on the theta and gamma angles, we found that F617 interacts
with F595 in an off-centered parallel interaction. Henceforth, the
V617F mutation disrupts the interaction between the JH2 and
JH1 domains at the previously described I-1 and I-2 inter-
faces (15, 35) by forming a π stacking interaction with F595 in
the R-helix. Calculation of the energy between 595 and 617
indicates that this interaction in Jak2-V617F was twice as stable
as that in Jak2-WT. However, when both F594 and F595 were
mutated to alanine in the context of Jak2-V617F, we found that
the interaction between 595 and 617 was only half as stable as
Jak2-WT and one-fifth of Jak2-V617F, thus reiterating the
contribution of this interaction toward Jak2-V617F activation
(Figure 2D). Theπ stacking nature of the F595-F617 interaction
serves as the energy source to cause the shift in conformation of
Jak2-V617F to an active form even in the absence of ligand.
Thus, the interaction between the JH1 and JH2 domains at the
I-2 interface is critical for Jak2 autoinhibition, and a competitive
π stacking interaction between F595 andF617 in the JH2 domain
can disrupt this interface.

Using MD simulations, a previous report by Lee et al. also
identified a critical role for F595 in Jak2 constitutive activa-
tion (35). Our results here agree with the results of Lee et al.
regarding the three interfaces between the JH1 and JH2 domains.
However, differences between their data and our data do exist.
For example, in the inactive state, Lee et al. found that V617
interacts with L1001 and K1030 while we found that V617
interacts principally with V1000 and to a lesser extent with
L1001. Our data are supported by the observations that V617F
mutation weakens the bonding energy between residues 617 and
1000 and increases the distance between these two amino acids.
Using in vitro based cell assays, Dusa et al. similarly found a
critical role for F595 in constitutive Jak2-V617F activation (36).
Our results here again confirm the critical role of F595 in Jak2-
V617F activation and also extend that work by identifying the
mechanism of Jak2-V617F activation, namely, an energetically
favorable off-centered parallel π stacking interaction between
F595 and F617.

Additionally, we report for the first time the critical role of
F594 in Jak2-V617F constitutive activation. Though we found
no direct interaction between F594 and F617, we believe F594
facilitates Jak2-V617F constitutive activation via one of two
mechanisms. First, F594 may provide the appropriate structural
environment for the F595/F617 π stacking interaction to exist.

Table 1: Comparison of the Side Chain Structure andHydropathy Index of

theRespectiveAminoAcids ThatWereUsed for Site-DirectedMutagenesis

at 594, 595, and 617

*Hydropathy indices of the amino acids were used from the Biomole-
cular NMR Database (http://www.bmrb.wisc.edu/referenc/commonaa.php).

http://pubs.acs.org/action/showImage?doi=10.1021/bi1014858&iName=master.img-008.png&w=239&h=306


9982 Biochemistry, Vol. 49, No. 46, 2010 Gnanasambandan et al.

In other words, F594 may keep F595 in a position that is favorable
to interacting with F617. Second, it is possible that a π stacking
interaction exists between F594 and F595. However, if it does
exist, our data indicate that it would be quiteweak. Irrespective of
themechanism, our data demonstrate the vital role of F594 as the
F594Amutation alone significantly reduced the autophosphory-
lation, phosphotransferase activity, and STAT-mediated gene
transcription of Jak2-V617F (Figures 5 and 6).

Residues F594, F595, and V617 are highly conserved in Jak2
among a diverse number of species implicating their critical role

in enzyme function. The hydropathy index and side chain struc-
ture of the amino acids are conserved at all three positions among
the JAK family members, except Jak3. Interestingly, mutations
that are homologous to Jak2-V617F in Jak1 (V658F) and Tyk2
(V678F) also confer constitutive kinase activity (37). On the basis
of our results here, we believe that the homologues to F594/F595
in Jak1 and Tyk2 may also play a critical role in the constitutive
activation of these mutations. In support of this, Dusa et al. have
demonstrated that the F595A homologous mutation in Jak1
(F636A) blocks constitutive activation of the V658Fmutant (36).

FIGURE 9: Characterizationof theπ stacking interactionbetweenF595andF617bygeometrical analysis. (A,B)Definitionof the vectors required
for the geometrical characterization of the π stacking interaction in Jak2-WT and Jak2-V617F. The centroid vector between the planes of amino
acid side chains being compared (F595 andV/F617) is shown inorange, and the normal vector that is perpendicular to the plane of the side chain is
shown in red for F595 and green for V/F617. Theta (θ) is defined as the angle between the normal for the reference amino acid, which is F595, and
the centroid vector. Gamma (γ) is defined as the angle between the two normal vectors for the amino acids being compared (F595 and V/F617).
(C) Comparison of the centroid distance and theta and gamma angles between 595 and 617 among Jak2-WT, Jak2-V617F, and Jak2-V617F/
F594A/F595A. The indicated parameters were calculated over the period of the individual MD simulations using VMD viewer, and the
probability density at each measured value was plotted using MATLAB with a bin width of 5�.
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Interestingly, in the case of Jak3, the homologue toV617 isM592,
which is a conserved substitution. However, when it ismutated to
Phe (M592F), the mutation does not confer constitutive activity.
An explanation for thismay be that F595 is not conserved in Jak3
so no π stacking interaction is formed between the Jak3 homo-
logues of 595 and 617. Therefore, the mechanism of Jak3 con-
stitutive activation may be different from other JAK family
members such as Jak2.

Given the causative role that Jak2 somatic mutations play in
pathogenesis of a number of hematological disorders, numerous
groups, including our own, have sought to identify inhibitors that
block Jak2 kinase activity (38-43). In these reports, the ATP-
binding pocket within the JH1 domain of Jak2 was targeted for
inhibition. Consequently, it was not surprising to see that these
inhibitors also have significant inhibitory potential on wild-type
Jak2 protein. The significance of our work here is that, with the
identification of an important off-centered parallel π stacking
interaction between F595 and F617 along with the critical role of
F594 in Jak2-V617F constitutive activation, we have provided
new mechanisms and target sites that could potentially allow for
the development of anti-Jak2-V617F inhibitors, which will have
little to no effect on wild-type kinase activity.

In summary, using an interdisciplinary combination of in silico
and in vitro based methodologies, we have characterized the
biochemical mechanism by which the Jak2-V617F protein confers
constitutive activation. Furthermore, we are the first to identify
the importance of F594 in Jak2-V617F constitutive activation.
Collectively, these results advance our understanding of how the
Jak2-V617F protein contributes to human disease.
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