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Molecular basis of JAK2 activation in erythropoietin 
receptor and pathogenic JAK2 signaling
Bobin George Abraham1†, Teemu Haikarainen1,2†, Joni Vuorio3, Mykhailo Girych3,  
Anniina T. Virtanen1,4, Antti Kurttila1, Christos Karathanasis5, Mike Heilemann5, Vivek Sharma3,4, 
Ilpo Vattulainen3, Olli Silvennoinen1,2,4*

Janus kinase 2 (JAK2) mediates type I/II cytokine receptor signaling, but JAK2 is also activated by somatic muta-
tions that cause hematological malignancies by mechanisms that are still incompletely understood. Quantitative 
superresolution microscopy (qSMLM) showed that erythropoietin receptor (EpoR) exists as monomers and dimer-
izes upon Epo stimulation or through the predominant JAK2 pseudokinase domain mutations (V617F, K539L, and 
R683S). Crystallographic analysis complemented by kinase activity analysis and atomic-level simulations revealed 
distinct pseudokinase dimer interfaces and activation mechanisms for the mutants: JAK V617F activity is driven 
by dimerization, K539L involves both increased receptor dimerization and kinase activity, and R683S prevents 
autoinhibition and increases catalytic activity and drives JAK2 equilibrium toward activation state through a wild-
type dimer interface. Artificial intelligence–guided modeling and simulations revealed that the pseudokinase 
mutations cause differences in the pathogenic full-length JAK2 dimers, particularly in the FERM-SH2 domains. A 
detailed molecular understanding of mutation-driven JAK2 hyperactivation may enable novel therapeutic ap-
proaches to selectively target pathogenic JAK2 signaling.

INTRODUCTION
The Janus kinase (JAK)–signal transducer and activator of transcrip-
tion (STAT) signaling pathway is used by approximately 60 cyto-
kines and hormones in the regulation of hematopoiesis, metabolism, 
and orchestration of inflammatory and immune responses (1, 2). 
Ligand binding to cytokine receptor extracellular domain induces 
dimerization/oligomerization of the cytoplasmic domains of the re-
ceptors, leading to transphosphorylation of cytoplasmic JAKs. Each 
cytokine receptor interacts and activates a specific set of JAKs [JAK1 
to JAK3 and TYK2 (tyrosine kinase 2)] that function as triggering 
kinases for cellular cytokine signaling. The activated JAKs phos-
phorylate specific tyrosine residues in the cytoplasmic tails of the 
receptors recruiting cytoplasmic signaling proteins, such as mem-
bers of the STAT family of transcription factors to become phos-
phorylated and activated by JAKs. Substantial advances in our 
understanding of the receptor activation mechanisms and structural 
arrangements of JAK activation have been achieved, but an integrated 
structural understanding of normal and pathogenic JAK2 activation 
is still lacking.

Activation of cytokine receptor signaling requires pairing of JAKs, 
which in most cases involves two different JAK isoforms. JAK2 is 
unique, as it is the only family member also activated by homodi-
merization in hormone receptors such as erythropoietin receptor 
(EpoR), thrombopoietin receptor (TpoR), and growth hormone re-
ceptor (GHR) (3–5). EpoR signaling has received substantial interest 
not only as it is responsible for orchestrating the daily development of 
200 billion red blood cells (80% of all new cells) but also as a relevant 
model for physiological and pathogenic cellular signaling. Aberrant 

activation of EpoR signaling results in its mild form in erythrocytosis 
due to familial EpoR mutations (6), and in a severe form in polycy-
themia vera (PV), a form of myeloproliferative neoplasm (MPN) (7, 
8). A somatic JAK2 pseudokinase domain [JAK homology 2 (JH2)] 
mutation V617F at exon 14 was first identified as the molecular basis 
for PV (>95% of PV cases) and in 60% of the other MPN phenotypes, 
primary myelofibrosis (PMF) and essential thrombocythemia (ET) 
(9–12). Subsequently, human pathogenic JAK2 mutations have been 
found to concentrate in or around the JH2 and the identified >40 JH2 
mutations cluster mainly in three regions. In addition to the preva-
lent V617F in exon 14, pathogenic mutations also occur in exons 12 
and 16, which result in different clinical phenotypes; exon 12 muta-
tions lead to PV and exon 16 mutations predominantly in acute lym-
phocytic leukemia (ALL) (13–15).

JAK kinases share a unique modular structure consisting of 
FERM-SH2 domain at the N terminus that mediate receptor inter-
actions, followed by a pseudokinase JH2 domain and the active ty-
rosine kinase domain (JH1) (Fig. 1). JH2 was originally identified in 
JAK2 as a key regulator of activation that functions in a dualistic 
fashion; JH2 maintains JAKs in an inactive state in the absence of 
cytokine stimulation (autoinhibitory activity), but it is also required 
for ligand-induced activation (stimulatory activity) (16–18). Struc-
tural studies have proven this concept correct and have shown that, 
in the absence of stimulation, JH2 forms an autoinhibitory interac-
tion with JH1 maintaining the inactive state (19, 20). The C-helix 
(αC) in JH2 binds to the backside of JH1 stabilizing the inactive 
state, leading to conformational restriction and inhibition of JH1. 
The disruption of autoinhibitory interaction as a mechanism for ac-
tivation was supported by findings that several JAK2 activating mu-
tants map to the JH2-JH1 interface, especially the exon 16 mutations, 
such as R683G/S, which is observed in approximately 20% of high-
risk pediatric ALL patients (14, 19). However, the other main JAK2 
JH2 mutations including V617F and K539L are not directly at this 
interface, suggesting an alternate mechanism for pathogenic activa-
tion. The mechanisms of the positive regulatory function of JH2 
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have been less well defined, but physiological and pathogenic JAK2 
activation has now been shown to involve dimerization of JH2 do-
mains that promotes close apposition and activation of the kinase 
domains (21–23). The first full-length mouse JAK1 V657F cryo–
electron microscopy (cryo-EM) structures provided important 
structural insights for the activated JH2 dimeric interface in JAK 
homodimers (24, 25). The JAK1 V657F dimer structures, however, 
included a cross-linked IFN-λ (interferon-λ) receptor peptide (24, 
25) and stabilized by a nanobody (24), possibly leading to a nonna-
tive conformation of the dimer. In addition, JAK1 is not known to 
form homodimers in cells, and the JAK1 V657F is an experimental 
homolog for the human pathogenic JAK2 V617F mutation, which 
might complicate the biological insights from the structures (26).

RESULTS
Dimerization of monomeric EpoR upon cytokine binding
The superresolution imaging–based quantitative single-molecule 
localization microscopy (qSMLM) approach (fig. S1) (27) was used 
to determine the cell surface organization of EpoR in γ2A cells, 
which lack endogenous EpoR and JAK2. Isogenic clones of γ2A 
FlpIN-TetOn cells stably expressing inducible EpoR-mEos3.2 and 
JAK2 [wild type (WT) or mutants] were generated. For the cali-
bration of qSMLM experiments, the monomeric protein cluster of 
differentiation 86 (CD86) and the covalent dimeric cytotoxic T 
lymphocyte–associated protein 4 (CTLA-4) were used as controls 
(fig. S2, A and B) (28, 29). Epo-induced JAK2 activation was verified 
by immunoblotting (fig. S2C), and in JAK2-expressing cells, EpoR-
mEos3.2 showed clear membrane localization in confocal images 
(fig. S3), confirming that the fusion of mEos3.2 did not affect the 
localization and signaling activation.

Photo-activated localization microscopy (PALM) images showed 
individual clusters optimal for qSMLM analysis. The FlpIN-TetOn 
approach enabled us to obtain physiological cell surface receptor 
expression levels, which ranged between ~2 and 3.5 receptor com-
plexes per square micrometer (fig. S2D) (21, 30, 31). The qSMLM 
analysis of EpoR nanoclusters showed a similar blinking histogram 
as the monomeric CD86-mEos3.2 calibration standard. Fitting the 
blinking statistics to a mixed population model (27) did not show 

the presence of any dimers, indicating that the receptors are 100% 
monomeric on the cell membrane (Fig. 2A). The receptor organiza-
tion upon Epo stimulation showed 50% dimeric receptors (Fig. 2B). 
These results show that EpoR exists as a monomeric receptor, and 
Epo induces dimerization of the receptors.

Induction of receptor dimerization by pathogenic 
JAK2 mutants
Next, we sought to study receptor stoichiometry changes in ligand-
independent pathogenic JAK2 signaling. For this purpose, we made 
γ2A FlpIN-TetON-EpoRmEos3.2 cells stably expressing JAK2 
V617F or JAK2 R683S mutants. Notably, the pathogenic mutants 
did not show EpoR membrane localization in normal culture condi-
tions at 37°C. This phenomenon is likely due to continuous receptor 
internalization, as a similar phenotype was observed in cells grown 
in the presence of Epo (fig. S3). Receptor internalization was over-
come by lowering the temperature to 30°C as described previously 
for other receptors (28). We also generated cells that lack JAK2 ex-
pression to study the role of JAK2 in EpoR organization. These cells 
did not show any membrane localization even after changing the 
culture conditions, verifying that JAK2 is essential for EpoR cell 
surface expression (fig. S3) (32).

PALM imaging followed by the qSMLM analysis of the EpoR in 
JAK2 V617F cells revealed that 73% of receptors were dimers, indi-
cating a strong dimerization phenotype for JAK2 V617F mutation 
(Fig. 3A). Dimerization by JAK2 V617F was also shown before (21–
23), and it could provide the basis for pathogenic activation. No tri-
meric or tetrameric receptors were observed, ruling out the possible 
formation of higher oligomeric clusters for signaling as shown re-
cently for interleukin-2 (IL-2) cytokine receptor (31).

To gain additional insight into the JAK2 V617F activation mech-
anism, we used cells expressing JAK2 mutations suppressing the 
V617F-mediated signaling. Previous studies have identified several 
mutations in the JAK2 JH2 domain, particularly in the αC-helix 
and in the adenosine triphosphate (ATP) binding pocket, that sup-
press pathogenic JAK2 V617F activation (19, 22, 23). Furthermore, 
αC-helix suppression mutations have been shown to reduce JAK2 
V617F–induced dimerization of TpoR in a total internal reflection 
fluorescence (TIRF)–based co-locomotion analysis (21). The αC-helix 

Fig. 1. Domain structure of JAK2 and JAK2-EpoR signaling complex. (A) Single-domain structures of JAK2. Residues in JAK2 JH2 often mutated in pathogenic signal-
ing are highlighted. The dimerization interface identified from mouse JAK1 (PDB IDs: 7T6F and 8EWY) is shown in lilac. (B) Schematic illustration of JAK2-EpoR complex. 
JAK2 dimer structure is represented by mouse JAK1 structure (PDB ID: 8EWY). The two monomers are colored in magenta and pink.
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and ATP-pocket suppression mutants, JAK2 V617F/F595A and 
JAK2 V617F/I559F, showed only 12 and 13% dimeric receptors, 
respectively, indicating that both ATP-blocking and αC-helix sup-
pression mutations revert the dimeric state of JAK2-V617F back to 
monomeric (Fig. 3, B and C). We then extended our study to an-
other prevailing JAK2 pathogenic mutation R683S, which was ob-
served to be monomeric in the co-locomotion analysis (21). The 
qSMLM analysis revealed that the JAK2 R683S mutation also in-
duced dimerization of the receptors to a similar level as Epo stimu-
lation in JAK2 WT but to a lesser extent than V617F (Fig.  3D). 
These results demonstrate that JAK2 pathogenic mutants V617F 
and R683S induce receptor dimerization but with varying poten-
cies. The results also indicate that both JH2 ATP pocket and αC-
helix suppression mutants (I559F and F595A, respectively) inhibit 
V617F-induced JAK2 and receptor dimerization.

To verify the observations from the superresolution approach, 
we used EpoR fluorescence resonance energy transfer (FRET) re-
porters developed to study dynamics of the EpoR cytoplasmic re-
gion (Fig.  4A). The functionality of EpoR FRET constructs was 
verified in γ2A cells by immunoblot analysis after Epo stimulation 
and with different JAK2 mutants (K539L, V617F, and R683S) (Fig. 4, 
B and C). The results indicate that the FRET response is due to a 
change in oligomerization status rather than from conformational 
changes occurring in predimerized receptor JAK2 complex (fig. S4). 
Epo stimulation resulted in an increase of FRET, verifying the 
receptor-induced dimerization observed in the qSMLM analysis 
(Fig. 4D). Similarly, increased FRET was observed with JAK2 V617F 

(Fig. 4E). To analyze the role of receptor extracellular domain in 
pathogenic receptor dimerization, we truncated the EpoR by re-
moving its extracellular domain. JAK2 V617F–induced similar 
FRET efficiency with WT and truncated EpoR, indicating that the 
mutation-induced dimerization is independent of receptor extra-
cellular domain (Fig. 4E). In addition, suppressive ATP pocket and 
αC helix mutations reverted JAK2 V617F–induced FRET (Fig. 4F). 
These results confirmed that the FRET assay can be used to study 
EpoR receptor dimerization. Next, we proceeded to analyze other 
JAK2 mutations: K539L, which is associated with PV (13, 33), and 
R683S, which is associated with ALL (14, 15). The FRET results 
showed receptor dimerization in both K539L- and R683S-expressing 
cells (Fig. 4F).

To study the activation mechanisms further, we used an in vitro 
kinase assay using purified JAK2 JH2-JH1 proteins (see Materials 
and Methods). In this assay, R683S showed increased catalytic acti-
vation, and the activity of K539L was also moderately increased, 
while V617F mutation did not affect the kinase activity (Fig. 4G). 
The difference observed for R683S was due to increase in Kcat, 
whereas K539L had lower apparent Km compared to WT (fig. S5). 
Of note, the cytokine receptor dependency of JAK2-V617F has also 
been shown before (34). These results support the notion that differ-
ent mutations use distinct mechanisms for pathogenic activation.

Structural studies on TYK2 and our previous modeling studies 
with JAK2 have shown that R683 resides at the JH2-JH1 interface 
(19, 20). The most plausible interpretation of the qSMLM and kinase 
assay data is that disruption of the autoinhibitory JH2-JH1 interface 

Fig. 2. qSMLM reveals cytokine-induced EpoR dimerization. (A) EpoR and (B) EpoR + Epo. The left-hand side images are representative PALM images of mEos3.2-
tagged EpoR receptors on a cell surface. The image is representative of 10 cells in three independent experiments. The two middle images are zoomed from the boxed 
region in the left image. The magnified boxed region (two middle images) showing localization (left) and the colored square boxes (right) illustrate the representation of 
the selected cluster and the number of blinks from each cluster. The bar graph is generated by single-molecule blinking histogram, and the corresponding fit (in red) 
shows the oligomeric status of the receptor ± Epo.
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by R683S allows for JH2 dimerization similarly as in physiological 
Epo stimulation, but the mutation does not stabilize the dimer as 
seen in V617F mutation. The weaker dimerization affinity in qSMLM 
is in line with the lack of dimerization observed for R683G in co-
locomotion assay (21). However, these findings cannot explain the 
difference in K539L activation, which displays dimerization both in 
FRET assay and in a co-locomotion assay (21), but, unlike V617F, 
also showed slightly increased kinase activity (Fig. 4G). In summary, 
our findings demonstrate that the pathogenic activation of human 
JAK2 relies on JAK2-driven EpoR dimerization and suggest that ac-
tivation involves unique molecular mechanisms and rearrange-
ments in different mutants.

Structural basis for hyperactivation of JAK2 JH2 mutants
To define the molecular mechanisms for the observed different hy-
peractivating phenotypes, we proceeded to structural studies on 
JAK2 JH2 dimers. To study the dimerization interface in atomic 
detail, we analyzed all available crystal structures of JAK2 JH2 do-
mains from the Protein Data Bank (PDB) database to identify crys-
tallographic dimers that would explain the observed dimerization 
phenotypes of the JAK2 mutants. We found a JAK2 JH2 V617F 
structure (PDB ID: 6D2I), where a dimer interface was formed via 

αC-helices, a β4-β5 loop, and the beginning of an SH2-JH2 linker be-
tween two monomers related by crystallographic symmetry (Fig. 5A). 
We observed an intermolecular π-stacking network across the dimer 
interface, where stabilizing intermolecular stacking interactions 
form between F617 and F595 from both monomers. In addition, 
F537 and F594 stack intramolecularly with F595, further stabilizing 
the hydrophobic network (Fig. 5B). The JAK2 interface is also stabi-
lized via two hydrogen bonds (N542-E592 and R588-D620) and 
symmetrical salt bridges (R541-E596) at the edges of the interface 
(fig. S6A). The dimer interface is highly similar to the full-length 
mouse JAK1 V657F cryo-EM structure (PDB ID: 7T6F) (fig. S6, B to 
E). The presence of a biological (cryo-EM–like) JH2-JH2 interface 
in the crystal structure of JH2 V617F indicates that the mutation can 
stabilize the biological interface in the crystal. This dimer arrange-
ment explains the dimerizing effect of the V617F mutant based on 
the qSMLM data and the observed inhibitory effect of F595A and 
other αC-helix mutants, including charge-reversal E592R and phe-
nylalanine F537A, F594A, and F595A mutations on V617F hyperac-
tivation (21, 23, 35–37).

We proceeded to unveil the behavior of the identified JH2-V617F 
dimer structure via atomistic molecular dynamics (MD) simulations 
(see Materials and Methods). We performed multiple independent 

Fig. 3. Ligand-independent dimerization of pathogenic JAK2 mutants. PALM image and its magnified boxed region showing localization of cells stably expressing 
EpoR-mEos3.2 and different JAK2 mutants in the cell membrane: (A) V617F, (B) F595A with V617F, (C) I559F with V617F, and (D) R683S. The image is representative of nine 
cells taken from three independent experiments. The blinking histogram with fits (red line) and the oligomeric states obtained by the qSMLM analysis is shown on the 
right. In (A), monomer-trimer and monomer-tetramer fits are shown in yellow and blue dotted lines, respectively, which show that the fits for higher oligomeric states do 
not converge, indicating the absence of trimers or tetramers.
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Fig. 4. Analysis of EpoR dimerization using FRET-based reporters. (A) Outline of the FRET reporters. (B) Capillary-based immunoblot showing phosphorylation of JAK2 
for different JAK2 mutants used in FRET assay. (C) Capillary-based immunoblots showing Epo-induced JAK2 activation [pJAK2 and JAK2 hemagglutinin (HA)] with the 
EpoR FRET construct and the lack of JAK2 activation in extracellular region deleted EpoR construct (Δ280 EpoR). The extracellular region–independent JAK2 V617F activa-
tion is also shown in the blots. The bottom panel shows EpoR levels. (D) FRET efficiency in cells transiently expressing the EpoR FRET construct and JAK2 ± Epo stimulation. 
(E) Effect of deletion of extracellular domain in EpoR on FRET efficiency in JAK2 V617F–induced dimerization. (F) FRET efficiency in cells expressing V617F, K539L, and 
R683S and suppressive I559F/V617F, E592R/V617F, and F595A/V617F. (G) Scheme of kinase assay with purified recombinant JAK2 JH2-JH1 and the graph showing kinase 
activity for JAK2 R683S, K539L, and V617F. For FRET experiments, a minimum of 50 cells were analyzed for each condition from at least two independent experiments, 
and statistical significance was accessed by Kruskal-Wallis followed by Dunn’s multiple comparison post test. ns, not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P < 0.0001.
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1-μs all-atom equilibrium MD simulations and found that the JH2-
V617F dimer was highly stable (Fig.  5C). Back mutating F617 to 
WT valine led to destabilization and breaking of the dimer interface 
(Fig. 5C). We also included two suppressing mutations, F595A and 
E592R, key residues in stabilizing the dimer interface and required 
for V617F-induced EpoR dimerization, to the simulation model. In 
these simulations, both V617F/F595A and V617F/E592R double 
mutants led to a WT-like behavior of the dimer, thus agreeing with 
the observed FRET and qSMLM data. The WT-like behavior of 
these suppressing mutants was further experimentally confirmed 
through FRET analysis, demonstrating Epo-induced EpoR dimer-
ization similar to the WT (fig. S2E), and immunoblotting, indicat-
ing Epo-induced JAK2 phosphorylation akin to the WT (fig. S2C). 
To obtain quantitative estimates on the effects of the mutations on 
dimerization, free-energy calculations were performed (Fig. 5D; see 
also Materials and Methods). While the V617F interface displayed a 
high-affinity interaction relative to the WT (~30 kJ/mol more sta-
ble), the suppressing V617F double mutants showed WT-like be-
havior with diminished binding free energies. We also quantitatively 
analyzed the unbiased MD simulation data with molecular mechanics/
generalized Born surface area [MM/GBSA; (38)] approach and, in 
good agreement with free-energy data, found that V617F dimer is 
more stable than the WT (fig. S7).

The K539L mutant was also included in equilibrium and free-
energy MD simulations (Fig. 5, C and D). While this mutant dis-
played a highly stabilized dimer (free energy of ~30 kJ/mol more 
stable than WT) and remained attached in equilibrium simulations, 
the dimer interface was shifted compared to the starting V617F 
pose. We hypothesized that this is likely due to an altered dimer in-
terface induced by the K539L mutation. To test this hypothesis, we 
determined the crystal structure of the JAK2 JH2 K539L mutant. 
Albeit being partly similar, a nonidentical dimer interface was iden-
tified (Fig.  6, A and B). This interface is not stabilized by the π-
stacking network observed in the V617F crystal structure (PDB ID: 
6D2I) but instead is established by extensive hydrogen bonding with 
complementing hydrophobic interactions (Fig. 6, C and D). The hy-
drogen bonding forms at the N-terminal end of the αC-helix and 
involves residues also from the SH2-JH2 linker and the β3-αC and 
β4-β5 loops. This unique interface is formed due to the removal of 
the charged lysine at the 539-position (due to the K539L mutation), 
which allows the repositioning of the αC-helix toward the SH2-JH2 
linker of the dimer pair and further packing of hydrophobic con-
tacts (Fig. 6E). This “hydrophobic collapse” of the interface brings 
several nonpolar residues to their vicinity, forming a more extensive 
contact area between the monomers compared to the V617F inter-
face (table  S1). Comparison of the K539L mutant simulation 

Fig. 5. Pseudokinase domain–mediated JAK2 dimerization. (A) Crystallographic dimer of JAK2 JH2-V617F (PDB ID: 6D2I). The structural elements at the dimer interface 
are labeled. (B) Core aromatic cage of the V617F-induced dimer interface. The intra- and intermolecular π-stacking network is shown in dashed lines. (C) Distribution of 
the dimer structures observed by unbiased atomistic MD simulations of the WT and JAK2 JH2 mutants categorize the mutants into three different groups describing the 
stability of the dimer structure (see Materials and Methods): The bound state corresponding to monomers that remain close to the original position during a 1-μs simula-
tion, the attached state referring to monomers that remain together but shift from the original dimer orientation during the simulation, and the detached state in which 
two monomers detach from the dimer during the simulation (see Materials and Methods). In addition to simulations without ATP (the first seven cases on the left side), 
selected cases were also considered with ATP, and the results of these MD simulations are marked as “ATP-bound” (see Materials and Methods). (D) Free-energy (ΔGUS) 
values of JAK2 JH2 dimerization based on umbrella sampling–based simulations (see Materials and Methods).
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(starting from the V617F dimer pose) with the solved crystal struc-
ture showed that the structure relaxes toward the K539L crystal 
structure conformation during the MD simulations. This is ob-
served by analyzing the time-resolved native contacts, which form 
during the simulations as their number increased by ~30% toward 
the K539L structure-like contacts with a concomitant ~60% reduc-
tion in V617F-like contacts (fig. S6F). This finding is also corrobo-
rated by root mean square deviation (RMSD) analysis, which 
revealed that K539L mutation introduced on the V617F dimer 
structure relaxes toward the K539L crystal structure (fig.  S6G). 
Overall, both the structural data and atomistic simulations allowed 
us to identify the differences in the pathologic V617F and K539L 
interfaces, which could explain the differential signaling caused by 
these mutations.

As we also observed increased dimerization with the hyperacti-
vating R683S mutant, we analyzed whether this mutation induces 
conformational changes that promote dimerization. Our hypothesis 
was that the mutation only breaks the JH2-JH1 autoinhibitory inter-
face, thereby facilitating intermolecular JH2 interactions. We deter-
mined the crystal structure of JAK2 JH2 R683S and observed a 
WT-like structure without any mutation-induced structural chang-
es and no V617F-like crystallographic dimer formation, supporting 
its role in breaking the autoinhibitory interface instead of directly 
inducing JAK2 dimerization (fig. S8, A and B).

Mutations blocking ATP binding to the JH2 domain have been 
shown to inhibit JAK activation (23, 37), and the first JH2 ATP 
competitive drug, TYK2 inhibitor deucravacitinib, has been ap-
proved for psoriasis (39). The ATP pocket mutation I559F inhibited 

V617F-induced EpoR dimerization (Figs. 3 and 4), and hence, we 
decided to investigate whether this is caused by structural altera-
tions in the JH2 domain. We determined the crystal structure of the 
JAK2 JH2 I559F. The mutation clearly blocked the ATP binding to 
the ATP binding site but did not induce any further structural 
changes in the pocket or near the αC-helix that would explain its 
inhibitory effect (fig. S8, C to E). Therefore, we hypothesized that 
ATP binding to JH2 stabilizes the active JAK2 dimer. In previous 
MD simulations, we have observed the stabilizing effect of ATP on 
JAK2 JH2 and especially in the αC-helix (40). To investigate this 
further, we performed unbiased MD simulations of V617F, I559F, 
and V617F/I559F mutants in ATP-bound and ATP-free states (ta-
ble  S2). In both states, we observed partial destabilization of the 
V617F dimeric interface by I559F mutation (Fig. 5C and fig. S7), in 
agreement with the qSMLM analysis (Figs.  2 and 3), suggesting 
that the ATP binding site mutant V617F/I559F enhances monom-
erization by destabilizing the active conformation of the JH2-JH1 
interface. Furthermore, the observed dimer destabilization was es-
pecially pronounced in the ATP-free state of the V617F/I559F mu-
tant (Fig. 5C), highlighting that the effect of the I559F mutation on 
V617F dimer at least partially arises from the weakened binding of 
ATP (fig. S7). In summary, our structural and simulation analyses 
revealed that the major pathogenic JAK2 mutations use distinct JH2 
dimerization interfaces and mechanisms for activation.

Modeling of full-length activated JAK2
To gain additional structural insights on the effects of the patho-
genic mutations on domain organization of JAK2, we superposed 

Fig. 6. Crystal structure of K539L-induced pathogenic JH2 dimer. (A and B) Comparison of JAK2 JH2 V617F (blue and green monomers) and K539L (pink and light blue 
monomers) dimers visualized from both sides of the interface. Blue and pink monomers of V617F and K539L, respectively, have been superposed together. A shift (high-
lighted) is seen in the position of the superposed αC-helices. (C) Electrostatic interactions across the dimer interface in the K539L mutant. Hydrogen bonds are shown in 
black, and salt bridges are shown in yellow dotted lines. (D) Aromatic cage region of the K539L dimer. No intermolecular π-stacking is observed unlike with the V617F 
dimer. (E) Effect of the lysine-leucine mutation at the K539L interface compared to the V617F interface. K539 prevents the collapse of the αC-helix toward the SH2-JH2 
linker. Mutation to L539 allows closer packing of the interface.
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the full-length model of JAK2 (from AlphaFold2) to the JAK2 
V617F and JAK2 K539L JH2-JH2 dimer structures. Two different 
monomeric JAK2 structures can be found from the AF2 database: 
one elongated structure corresponding to the JAK1 V657F cryo-EM 
monomer (25) and another, compact structure, where JH2-JH1 do-
main orientations match to the autoinhibited TYK2 JH2-JH1 crystal 
structure (20). We used the elongated JAK2 structure in construct-
ing the pathogenic full-length JAK2 dimers. The resulting dimers 
show overall similarity in domain organization to the recent cryo-
EM structure of mouse JAK1-V657F dimer (25). The full-length 
dimers of JAK2 V617F and JAK2 K539L were used as initial struc-
tures for microsecond-scale atomistic MD simulations. During the 
simulations, the conformations of the JH2 dimers observed in the 
crystal structures remained the same throughout the run. In JAK2 
V617F dimers, the FERM domains interact closely with one an-
other across all replicas, converging to a mean distance ∼13 Å be-
tween Leu224 residues (dL224) situated at tips of the FERM domains 
(Fig. 7). In contrast, JAK2 K539L dimers exhibit a separation of 40 
to 80 Å between Leu224 residues, and the FERM domains are largely 

not interacting. Leu224 in JAK2 FERM domain is at the border of the 
EpoR binding site (box 1 site) (41), making dL224 a good proxy for 
the distance between EpoR transmembrane domains, which is in 
agreement with an approximately 50-Å separation observed in ac-
tive EpoR (42, 43).

In addition to the differences in the orientation of FERM do-
mains within JAK2 dimers, the JH2 mutations V617F and K539L 
were found to affect the dynamics of JH1 domains. The initial AF2 
model of the JAK2 V617F dimer exhibits direct interactions be-
tween JH1 domains (Fig. 7). The JH1 interface is largely formed by 
αG and αEF helices, the activation loop, and a loop preceding the αG 
(fig. S9), as also observed by Caveney et al. (25) in JAK1 V657F. In 
the AF2 model of the JAK2 K539L dimer, the JH1 domains are ini-
tially separated, but they converge into dimers across all simulation 
trajectories exhibiting the in-trans interface similar to that ob-
served in JAK2 V617F (fig.  S9). The initial distinct JH1 domain 
orientations in JAK2 V617F and JAK2 K539L highlight the struc-
tural flexibility of JAK2 JH1 domains. These results indicate that 
the JAK2 V617F and JAK2 K539L mutations lead to different JH2 

Fig. 7. Atomistic MD simulations of full-length AlphaFold2 models for JAK2 V617F and JAK2 K539L dimers. (A) Comparison of mJAK1 V657F dimer (PDB ID: 8EWY) 
and snapshots captured at trajectory length of 1000 ns for JAK2 V617F and JAK2 K539L dimers. The distance between L224 residues in K539L dimer is denoted as dL224. 
Monomers in the dimers are colored in magenta and cyan. The JH2-JH2 dimer interface is highlighted with a sphere. (B) Distance (dL224) between the centers of mass for 
the L224 residues of JAK2 across all trajectories, with distance lines representing running means ± running SDs. (C) Same information as in (B) but displayed as a ridgeline 
density plot for specific time subsets of the simulation.
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dimerization interfaces and propagate throughout the JAK2 struc-
ture in altered FERM and JH1 domain orientations.

DISCUSSION
The cell surface organization of EpoR, its implications for JAK-
STAT signaling, and the mechanisms of pathogenic activation are 
long-standing questions in the field, especially due to their impor-
tance in hematological malignancies (8, 21, 44–47). We undertook a 
comprehensive analysis consisting of state-of-the-art imaging, bio-
chemical, structural, and artificial intelligence–guided modeling 
and atomistic simulations of physiological Epo and pathogenic 
JAK2 signaling using representative mutations of the three major 
mutational regions (exons 12, 14, and 16) that present distinct clini-
cal phenotypes. Our results show that Epo signaling occurs via 
ligand-induced dimerization of the monomeric EpoRs and that the 
three predominant JAK2 mutations use distinct mechanisms for hy-
peractivation that differ in terms of EpoR dimerization propensity, 
JH2 dimeric interactions, effect on catalytic activity, and structural 
organization of full-length JAK2.

Contrary to the traditional view of predimerized EpoRs (48) and 
in line with the recent findings from Wilmes et  al. (21), our data 
based on qSMLM and FRET analysis prove that human EpoR is or-
ganized as a monomer on cell surface and signaling occurs via ligand-
induced dimerization of the monomeric receptors. No higher-order 
oligomers of EpoR were present before or after ligand stimulation. 
Our results also confirm the crucial role of JAK2 JH2 domain in the 
dimerization process and for the pathogenic activation of the acti-
vating JAK2 disease mutants. Our results show that the somatic mu-
tations V617F and K539L depend on JH2-mediated dimerization 
but via distinct dimer interfaces. We also found that the R683S mu-
tation has a different mode of activation, but it still depends on JH2 
dimerization. Together, our data agree with the JAK activation mod-
el, where JAK monomers are kept autoinhibited via intramolecular 
JH2-JH1 interactions (in cis) and are activated via intermolecular 
phosphorylation of JH1 in trans (47, 49).

The molecular organization of EpoR was analyzed by the 
qSMLM approach, which allowed a precise determination of cell 
surface receptor stoichiometry at physiological levels in cell lines 
that lacked endogenous expression of EpoR and JAK2 (28, 29, 50). 
Previous approaches analyzing homomeric cytokine receptor di-
merization, including FRET (51), protein complementation (22), 
co-patching (45), and single-molecule TIRF-based imaging (21), 
are unable to detect the exact stoichiometry and oligomerization 
status and are susceptible to interference from endogenous JAK2 
expression. The qSMLM approach uses fluorescent proteins that 
enable stoichiometric labeling and enable accurate determination 
of receptor stoichiometry and JAK2 interaction. The qSMLM data 
revealed an exclusive monomeric distribution of EpoR that shifted 
to a mixed stoichiometry with a dimeric fraction (52% dimers) 
upon cytokine stimulation. An even higher dimeric EpoR fraction 
(73%) was observed in V617F mutant cells. Cell-based FRET mea-
surements concurred with these results. In accordance with previ-
ous studies, the results also showed that the mutation-induced 
dimerization is independent of the receptor extracellular domain 
and the molecular basis for the JAK2 V617F pathogenic activation 
arises from the mutation-induced dimerization of JAK2 via the JH2 
domains (21), but the mutation does not directly increase catalytic 
activity (Fig. 4E).

The critical role of JH2 in physiological and pathogenic JAK2 sig-
naling is well established in recent studies, but the structural basis 
has been elusive. We identified a crystallographic dimer of JAK2 JH2 
V617F, displaying a nearly identical dimer interface with the JAK1 
V657F cryo-EM structure (25). The dimer was stabilized by an aro-
matic π-stacking network across the monomer-monomer interface 
mediated by the mutant F617 residue. Atomistic MD simulations 
confirmed the stable nature of this dimer. In addition, the V617F 
suppression mutations F595A, I559F, and E592R displayed WT be-
havior in the MD simulations. This proves and provides a molecular-
level explanation for the JAK2 JH2–mediated trans-dimerization 
model (47), as demonstrated by single-molecule studies (21). The 
full-length cryo-EM structure of murine JAK1 V657F dimer dem-
onstrated looser packing of the dimer interface compared to the 
JAK2 V617F structure. This may be due to the potential nonphysi-
ological nature of the cross-linked mini-IFNλR1-JAK1 dimer: JAK1 
is not known to form homodimers in cytokine signaling, although it 
is possible that JAK1 signals as a homodimer, e.g., in IL-6 or IL-11 
signaling. The JH2 dimer interface acts as a scaffold in bringing the 
JH1 domains in close apposition suitable for transphosphorylation 
and subsequent signaling activation.

V617F and K539L mutations lead to distinct MPN clinical phe-
notypes, V617F to PV, ET, and PMF, while K539L only to PV (9–13). 
The mutations also differ in their downstream signaling, and the 
JAK2 exon 12 mutation has been shown to bind preferentially to 
EpoR and show increased erythrocytosis but normal leukocyte 
counts in mouse models (52, 53). The K539L mutation induced 
EpoR dimerization, and MD simulations also indicated its strong 
dimerization propensity as also previously reported (21). However, 
as K539 resides in the SH2-JH2 linker, which is important in stabi-
lizing the autoinhibited conformation, K539L likely influences the 
autoinhibitory conformation of JAK2, potentially explaining the in-
creased in vitro activity observed for K539L mutant. Structural anal-
ysis of K539L revealed a dimer interface with similarity to V617F 
but exhibiting a more tightly packed interface, leading to extensive 
hydrophobic interactions and hydrogen bonding between the mono-
mers as opposed to a stabilizing π-stacking network observed in 
V617F. This finding is in accordance with findings from previous 
mutational studies demonstrating a distinct activation mechanism 
for JAK2 mutations, where K539L showed the highest resistance to 
suppressive mutations compared to V617F>R683S (22, 23). MD 
simulations of K539L mutant (starting from a V617F dimer pose) 
also revealed relaxation toward a similar but distinct interface in 
comparison to V617F. All these points suggest distinct activation 
mechanisms of K539L and V617F. In addition, the differences in the 
formation of the interface were found to lead to different JH2 dimer 
orientations that ultimately affected the conformation of the full-
length JAK2. These differences were particularly noticeable in the 
separation of the FERM-SH2 domains as revealed in MD simula-
tions. The separation of FERM domains in K539L agrees with the 
distance of activated EpoR transmembrane regions and may corre-
spond to the preference of JAK2 exon 12 mutations for forming 
dimers when bound to EpoR over the other homomeric receptors 
(52). The R683S mutation, although predominantly associated with 
high-risk ALL, can also lead to MPN-like disease (14, 15). R683S 
showed WT JH2 structure and has also been shown to be able to 
engage all homomeric receptors (15).

The receptor dimerization analysis was corroborated by suppres-
sive mutations in the αC-helix and ATP binding pocket that were 
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found to inhibit dimerization. The crystal structures provide expla-
nation for the suppressing effect of the αC helix mutations, but the 
crystal structure of ATP pocket mutant I559F did not provide a di-
rect explanation for its suppressing phenotype. The observed partial 
destabilization of the dimeric interface in V617F-I559F with the 
stabilizing effect of ATP on JH2 αC collectively suggests that the 
ATP binding site mutant destabilizes the active conformation of the 
JH2-JH1 interface.

R683S mutation was also of particular interest as it was located 
far from the dimer interface and was shown not to dimerize in co-
locomotion analysis (21). The qSMLM results showed dimerization 
in R683S, although with a smaller dimeric fraction than with V617F, 
and at the same time, it increased kinase activity in vitro. The crystal 
structure of R683S did not show any structural changes, suggesting 
that the mutation acts by destabilization of the autoinhibitory JH2-
JH1 interaction, leading to activation as suggested previously by 
MD simulations (19) and the crystal structure of TYK2 JH2-JH1 
(20). The dimeric nature of R683G/S likely stems from a WT-like 
dimerization but without further stabilization induced by interface 
mutations. Thus, the higher dimerization propensity resulting from 
the breaking of the autoinhibitory interface is therefore a result of 
a more dimerization-prone (nonautoinhibited) conformation of 
JAK2 that shifts the equilibrium toward the active state. This conclu-
sion is supported by the similar dimeric fraction observed in R683S 
(54%) and ligand-induced WT JAK2 (52%). Furthermore, as there 
are no stabilizing interactions at the JH2-JH2 interface, the R683S-
mediated dimer will be weaker than, e.g., the V617F dimer explain-
ing why R683G/S is most sensitive to suppressive mutations (23). 
We assume that the lack of stabilizing interactions at the dimer in-
terface also explains why R683G/S dimerization was not observed in 
the co-locomotion assay, i.e., the dimer dissociates faster than more 
stable JAK2 dimers.

In conclusion, our study demonstrates a monomeric distribution 
of EpoR on cell surface and proves that EpoR dimerization is the 
common denominator for cytokine-induced and pathogenic JAK2 
activation. Furthermore, our study identified differences between 
the dimer interfaces of JAK2 pathogenic mutants and provides a 
mechanistic model for the activation of full-length JAK2 in patho-
genic states. These differences affect receptor phosphorylation pat-
terns and variations in downstream signaling by the JAK2 mutants, 
as suggested in prior research (52). The mechanistic insights pro-
vided in this study offer a valuable background for the divergent 
clinical outcomes associated with these pathological mutations and 
may provide opportunities to modulate cytokine receptor signaling 
and target oncogenic JAK signaling.

MATERIALS AND METHODS
Generation of plasmid constructs
Standard cloning procedures were performed throughout this study 
for generating plasmids. JAK2 mutants were generated by site-
directed mutagenesis of full-length JAK2, which was cloned into Sal 
I–Not I restriction sites of pCIneo expression vector. This was done 
using QuikChange (Agilent) according to the manufacturer’s in-
structions. For generation of constructs for superresolution imag-
ing, the JAK2 WT/mutants were cloned into Asc I–Nhe I site of the 
bidirectional pBOF vector (54), and the EpoR-mEos3.2 fusion was 
cloned to the other side of the bidirectional tetracycline-inducible 
promotor using Bam HI–Mre I site to ensure equal expression of 

cloned genes. The EpoR-mEos3.2 fusion was made by overlap exten-
sion polymerase chain reaction (PCR) of EpoR sequence (23) and 
mEos3.2 fluorescent protein plasmid (a gift from M. Davidson and 
T. Xu, Addgene, plasmid #54525). The sequence after amino acid 
380 was removed in EpoR before mEos3.2 fusion to reduce inter-
nalization of the receptor. A flexible linker sequence RSIAT was 
also inserted using PCR between EpoR.mEos3.2 to ensure flexibil-
ity of the fluorescent protein. qSMLM controls CD86-mEos3.2, and 
CTLA-4-mEos3.2 was generated by amplifying CD86 and CTLA-4 
and fusing the amplified product with amplified mEos3.2 using 
overlap extension PCR and cloned to Asc I–Nhe I site of pBOF vec-
tor. The CD86 and CTLA-4 backbone was from Addgene plasmids 
#98284 and #98285, respectively. The FRET plasmid used in this 
study was described previously (23). The plasmid constructs were 
verified by Sanger sequencing.

Cell culture and generation of stable cell lines
JAK2-deficient γ2A human fibrosarcoma cells (55) maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Basel, 
Switzerland) supplemented with fetal bovine serum (FBS; 10%) 
(Sigma-Aldrich, St. Louis, MO), l-glutamine (2 mM) (Lonza), and 
antibiotics (penicillin/streptomycin, 0.5%; Lonza) were used for this 
study. For imaging studies, the medium was replaced with FluoroBrite 
DMEM supplemented with FBS (10%), l-glutamine (2 mM), and 
penicillin/streptomycin (0.5%) at least two passages before seeding 
cells for imaging. The cells are cultured in normal culture conditions 
unless otherwise specified. The cells were starved overnight in medium 
without FBS before Epo stimulation and imaging experiments. All 
the transfections were performed using FuGENE HD (Promega).

γ2A FlpIN-TetOn cell lines were generated by modifying γ2A 
cells by two rounds of transfections. In the first round, the γ2A cells 
were stably transfected with pFRT/lacZeo Vector (Thermo Fisher 
Scientific) after linearizing with Sca I restriction enzyme. Two days 
after transfection, cells were selected in zeocin (150 μg/ml) for 12 days. 
Individual zeocin-resistant colonies were picked manually and 
expanded, and genomic DNA was isolated from the colonies for 
screening using the GenElute Mammalian Genomic DNA Miniprep 
Kit (Sigma-Aldrich). To select the clones that have minimum/single 
FRT site in the genome, quantitative PCR (qPCR) was performed with 
primers targeted to FRT site (5′-GGATGCCAAGTTGACCAGTG-3′ 
and 5′-ATGAACAGGGTCACGTCGTC-3′) and compared with 
housekeeping genomic α-actinin-1 primers (5′-AGATGGTTTGG
GCGGTTCTA-3′ and 5′-AGAACCCCGGGCTAAATTGA-3′). The 
qPCR was performed using HOT FIREPol EvaGreen qPCR Mix 
Plus (Solis BioDyne, Tartu, Estonia) in a Bio-Rad CFX-384 Real-
Time PCR detection system. The clone that had the lowest FRT site 
in the genome was selected as γ2A FlpIN cell line and expanded. In 
the second round of transfection, the γ2A FlpIN cell line was trans-
fected with pUltra-puro-RTTA3 plasmid (a gift from Y. Dogan and 
K. Kim; Addgene plasmid, #58750), and positive cells were selected 
by culturing cells in the presence of puromycin (1.5 μg/ml) (Sigma-
Aldrich). Individual clones were isolated and screened by analyzing 
doxycycline-induced activation by transfecting with pBOF vector 
containing fluorescent protein. The selected γ2A FlpIN-TetOn clone 
was expanded and maintained in the presence of zeocin (150 μg/ml) 
and puromycin (1.5 μg/ml).

For generation of stable cells inducibly expressing the EpoR-
mEos3.2 and JAK2/mutants, the pBOF vector construct having 
coding sequence of EpoR-mEos3.2 and JAK2 expressing from the 
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Tet-regulated bidirectional promotor was cotransfected with pOG44 
vector (Invitrogen) to γ2A FlpIN-TetOn cells. Two days after transfec-
tion, cells were selected in hygromycin B (200 μg/ml) (Thermo Fisher 
Scientific) and puromycin (1.5 μg/ml) for approximately 20 days 
until colonies are formed, and then positive clones were pooled and 
expanded. The stable integrations were verified by PCR from the iso-
lated genomic DNA, followed by sequencing of the amplified prod-
uct by Sanger sequencing. All the stable cells used in superresolution 
microscopy experiments were prepared using a similar approach.

Sample preparation and SMLM
Coverslips (0.17 ± 0.005 mm, Carl Roth, Germany) were sonicated 
for 20 min in a water bath and cleaned extensively by acid/base wash 
before seeding the cells to reduce background fluorescence. This was 
done by immersing coverslips in 2 M HCl (overnight), 2 M NaOH 
(2 hours), and 20% H3PO4 (1 hour) and stored in molecular biology–
grade ethanol until use. Wash steps were performed using Milli-Q 
in between the above steps. Before use, coverslips were coated 
with fibronectin (50 μg/ml) for 1 hour to facilitate cell adhesion. 
Cells were seeded in FluoroBrite DMEM medium with supple-
ments, and following overnight attachment, the cells were starved 
using medium lacking FBS and containing doxycycline (0.1 μg/ml) 
to induce protein expression. For Epo stimulation, cells were treated 
with human recombinant Epo (10 U/ml) (NeoRecormon, Roche) 
for 10 min. Before treatment, the cells are transferred to ice to 
reduce receptor internalization. The cells are fixed using 4% para-
formaldehyde (Electron Microscopy Sciences, USA) and 0.1% glu-
taraldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS). 
After fixation, to reduce background autofluorescence, cells are treat-
ed with sodium borohydride (NaBH4) (1 mg/ml; Sigma-Aldrich). 
Before fixation and between each step, the cells are washed using 
PBS supplemented with CaCl2 (100 μM), MgCl2 (100 μM), and 4% 
sucrose. The fixed cells are stored in PBS with CaCl2 and MgCl2 
(100 μM each) and imaged in PBS within 1 week. Before imaging, 
TetraSpeck Microspheres, 0.1 μm (Thermo Fisher Scientific) were 
added to the sample as fiducial markers for correcting for drifts dur-
ing SMLM imaging.

SMLM imaging was performed using a Nikon Eclipse Ti2-E 
(Nikon, Japan) inverted microscope using Nikon NIS Elements 4.11 
acquisition software. The objective used was a Nikon 100× Apo 
TIRF oil immersion objective with 1.49 NA (numerical aperture), 
and samples were imaged in TIRF mode. First, cells were selected 
and the imaging plane adjusted using 488-nm laser (Argon, 65 mW) 
excitation and fluorescence emission filtering using a 525/50-emission 
filter. For PALM imaging, mEos3.2 was photoconverted using a 405-nm 
laser (100 mW) starting from 0.1% and gradually increasing up to 
10%. Fluorescence excitation of mEos3.2 was conducted with con-
tinuous excitation with 561-nm laser (40%, 150 mW) and fluores-
cence emission filtering using a 605/52 filter. Images were recorded 
using back-illuminated electron multiplying charge-coupled device 
camera (Andor iXon DU-897) with a frame integration time of 
80 ms and a detector gain of 300 until no further emission events 
were observed (approximately 20,000 to 30,000 frames). PALM lo-
calizations were obtained using the same Nikon NIS software, and 
localization lists were saved for further analysis.

qSMLM analysis
The qSMLM approach was used to determine the cell surface orga-
nization of EpoR receptors. This method uses superresolution 

localization imaging and reads out the photo-blinking properties of 
a fluorescent protein. Hence, information on the oligomeric state of 
proteins within small nanoclusters is accessible, which is beyond the 
spatial resolution of PALM microscopy (27, 28, 50). In this ap-
proach, an SMLM image stack is acquired using a superresolution 
localization microscope in the TIRF mode from cells expressing the 
protein of interest tagged with a photoactivable fluorescent protein, 
and a superresolved localization image is generated. From this im-
ages, the number of localizations in each nanocluster are extracted 
and compiled to yield a histogram, which is fitted with an appropri-
ate model to understand the stoichiometry of proteins in the clusters 
as described previously (fig. S1) (29, 56, 57). To calibrate the qSMLM 
assay with the mEos3.2 protein in our cell line and for our imaging 
setup, we used membrane receptor proteins with known stoichiom-
etry, the monomeric protein CD86, and covalent dimeric CTLA-4. 
The monomeric and dimeric nature of CD86 and CTLA-4 is well 
described, and they are widely used as calibration standards in 
SMLM-based molecular counting experiments (28, 29). Previous 
studies have demonstrated that the analysis-relevant photophysical 
parameters of the mEos variants can be transferred to other mem-
brane receptors (27, 29). This makes CD86 and CTLA-4 tagged with 
mEos3.2 at the cytoplasmic region optimal for stoichiometry detec-
tion of EpoR-tagged similarly.

Experimentally, superresolution images generated by SMLM im-
aging was processed using ThunderSTORM (58) and postprocessed 
with LAMA (59) and qSMLM tools (https://github.com/SMLMS/
qSMLM) (56) by methods developed previously (27, 28, 56). In this 
approach, the localization coordinate list of images obtained from 
Nikon SMLM was translated using ChriSTORM (60) to Thunder-
STORM format. ThunderSTORM generated image was drift-
corrected using the localizations from the fiducial markers, and the 
background noise localizations were removed using density filter. 
Spatiotemporal grouping was applied using the merge function of 
ThunderSTORM to group signals from mEos3.2 within a radius of 
90 nm and combining off frames of 65 and with a maximum frame 
per molecule of 115 frames. This is followed by density-based spatial 
clustering of applications with noise (DBSCAN)–based clustering 
and processing in LAMA to obtain histograms from the clusters. 
Clusters with low brightness, a diameter of >150 nm, or in close 
vicinity to neighboring clusters were discarded from the analysis. 
These parameters enabled us to obtain histograms representing mo-
nomeric distribution for the monomer control CD86-mEos3.2 and 
a distinguishably different histogram for the dimer control CTLA-4-
mEos3.2–expressing cells (fig. S2, A and B). The histograms were 
fitted using qSMLM tool with appropriate functions as described by 
Hummer et al. (56), to obtain the fraction of mEos3.2, which does 
not blink (P value), and the fraction of undetected fluorophore dur-
ing the observation time (q value). The P value or the blinking prob-
ability value obtained with the monomeric control in our imaging 
setup was P = 0.55. The q value, which shows the fraction of fluoro-
phore, which does not light up during the observation time was 
q  =  0.31. This translates to the detection efficiency of 69% for 
mEos3.2 with our cell line and imaging setup. These values were 
then used to determine the oligomeric status of different EpoR-
mEos3.2–expressing cells by fitting the data with all possible com-
bination of fitting functions for monomer, dimer, and trimer using 
qSMLM tool as described previously (27, 56). To generate the histo-
gram for fitting, the emission events from different cells were com-
bined to a single histogram to increase the statistical strength, and to 

https://github.com/SMLMS/qSMLM
https://github.com/SMLMS/qSMLM
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generate the error values, we regenerated the histograms for (N − 1 
cells) and fitted each individual histogram to obtain the mean and 
error range.

FRET imaging
For FRET imaging, γ2A cells seeded on 35-mm glass-bottom dish 
(ibidi) were cotransfected with EpoR FRET plasmid, pLVX-Tet-On 
Advanced vector (Clontech), and JAK2 construct for 10 hours, and 
starved for 12 hours in medium supplemented with doxycycline 
(0.1 mg/ml). Cells were either stimulated with Epo (10 U/ml) 
(NeoRecormon, Roche) for 30 min or fixed directly with parafor-
maldehyde (4%) and glutaraldehyde (0.1%) for 15 min in room 
temperature, washed, and stored in PBS at 4°C before imaging. Im-
aging was performed with Zeiss LSM 780 laser scanning confocal 
microscope equipped with Plan Apochromat 63×/1.4 oil immersion 
objective. The CFP (cyan fluorescent protein) and YFP (yellow fluo-
rescent protein) were excited by using 458- and 514-nm line, respec-
tively, from a multiline argon laser. The fluorescence emission was 
acquired between 465 and 500 nm for CFP and 525 to 640 nm for 
YFP with a 32-channel QUASAR GaAsP photomultiplier array de-
tector. Acceptor photobleaching method (61) was used to detect 
FRET efficiency, and 514-nm laser line (100%) was used for photo-
bleaching the acceptor. The images were processed with Fiji soft-
ware (62). The cell images were sorted for the membrane expression 
level using YFP fluorescence before photobleaching, which is inde-
pendent of FRET. The cells with high levels of FRET construct ex-
pression were discarded. The cell membrane region was manually 
segmented from each image, and apparent FRET efficiency was cal-
culated only from the membrane.

Kinase assay
For in vitro kinase assays, recombinant JAK2 JH2-JH1 (residues 513 
to 1132-6xHis) WT, V617F, R683S, and K539L proteins were ex-
pressed in High Five insect cells (Thermo Fisher Scientific) by using 
the Bac-to-Bac expression system (Invitrogen), according to the 
manufacturer’s instructions. Cells were lysed by means of freeze-
thawing and clarified by means of centrifugation, and recombinant 
proteins were purified with nickel–nitrilotriacetic acid (Ni-NTA) 
agarose (Qiagen), followed by size exclusion chromatography in a 
HiLoad 16/600 Superdex 75 pg column (GE Healthcare). Proteins 
were purified simultaneously to retain comparability. Protein con-
centrations were measured with the Bradford assay (Bio-Rad Lab-
oratories), and enzymatic activity of recombinant proteins was 
determined without preactivation by the time-resolved FRET-based 
Lance Ultra kinase assay (PerkinElmer) as reported earlier (23). The 
activity parameters of kinase reaction catalysis rate constant (Kcat) 
and apparent Km for ATP were calculated by fitting reaction velocity 
versus ATP concentration in GraphPad Prism software. Relative 
catalytic efficiency for JAK2 mutants was calculated by dividing Kcat/
apparent Km with the value for WT. Kinase reactions were performed 
in triplicate or quadruplicate, and results shown are average of three 
to four individual experiments.

Immunoblot analysis
The cells (transfected/stably expressing proteins) were washed with 
ice-cold PBS and lysed in cold Triton X-100 lysis buffer with prote-
ase and phosphatase inhibitors [2 mM vanadate, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), aprotinin (8.3 μg/ml), and pepstatin 
(4.2 μg/ml)]. The lysates were spun for 20 min at 16,000g at 4°C, and 

the supernatants were analyzed with Jess (ProteinSimple), automated 
capillary electrophoresis, and immunodetection system. For protein 
separation and immunoassay, the manufacturer’s standard protocol 
for fluorescent (near-infrared) and chemiluminescent detection of 
proteins with 12- to 230-kDa Jess separation module (SM-W004) was 
followed. The proteins of interest were detected using primary anti-
bodies against hemagglutinin tag (1:50; Cell Signaling Technology, 
#3724T and 1:50; Aviva Systems Biology, #OAEA00009) and phos-
phorylated JAK2 (pJAK2; 1:1000; Y1007/1008, Cell Signaling Tech-
nology, #3771). Analysis of capillary Western data was performed 
using Compass for SW (ProteinSimple) software version 6.1.0.

Protein expression and purification
JAK2 JH2 mutant constructs (residues 536 to 812) were subcloned 
into pFastBac vector with a C-terminal thrombin-cleavable His6 tag. 
The proteins were expressed in baculovirus-infected Spodoptera 
frugiperda-9 cells using the Bac-to-Bac baculovirus expression sys-
tem (Invitrogen, Carlsbad, CA, USA) according to the manufactur-
er’s instructions. After protein expression, the cells were collected 
by centrifugation and resuspended in lysis buffer {50 mM tris-HCl 
(pH 8.0), 10% glycerol, 500 mM NaCl, 0.5 mM [tris(2-carboxyethyl)
phosphine] (TCEP), and 20 mM imidazole} supplemented with 
0.5 mM PMSF, 250 U of benzonase, and 5 mM MgCl2. The cells were 
lysed by applying four freeze-thaw cycles in liquid nitrogen. The ly-
sates were clarified by centrifugation (30,000g at 4°C for 1 hour) and 
incubated with Ni-NTA resin at 4°C for 1 hour. The resin was trans-
ferred into a gravity-flow column and washed with lysis buffer. The 
proteins were eluted with 50 mM tris-HCl (pH 8.0), 10% glycerol, 
500 mM NaCl, 0.5 mM TCEP, and 250 mM imidazole. The eluted 
protein was concentrated with Amicon Ultra-15 concentrators 
(10-kDa molecular weight cutoff) (Merck Millipore Ltd.) and fur-
ther purified with Superdex 75 16/600 (GE Healthcare) gel filtration 
column equilibrated with 20 mM tris (pH 8.0), 500 mM NaCl, 10% 
glycerol, and 0.5 mM TCEP. The purified proteins were concentrated 
and stored at −80°C in small aliquots.

Protein crystallization
JAK2 JH2 mutants (5 to 10 mg/ml) were crystallized using a sitting-
drop vapor-diffusion method. Equal volumes (0.5 μl) of well solu-
tion [0.2 M Na acetate or 0.1 M Mg acetate, 0.1 M tris-HCl (pH 7.5 
to 8.5), and 16 to 22% polyethylene glycol 3350] and protein solution 
were mixed and incubated at 4°C. JAK2 JH2-K539L was crystallized 
in complex of 1 mM ATP and 3 mM MgCl2, and JAK2-R683S with a 
pyrazolo pyrimidine analog previously identified as JAK2 JH2 bind-
er (63). Before data collection, the crystals were cryo-protected with 
20% glycerol in well solution and flash-frozen in liquid nitrogen.

Data collection, structure determination, and refinement
Diffraction data were collected on the beam line I03 at Diamond 
Light Source, Didcot, UK. Data were processed and scaled with the 
XDS package (64). Structures were determined by molecular replace-
ment using the JAK2 JH2 structure (PDB ID: 4FVR) (65) as a search 
model. The refinement was carried out with phenix.refine (66). Coot 
was used for visualization and manual building of the model (67). 
Data collection and refinement statistics are shown in table S3.

Atomistic MD simulations
Crystallographic dimer of the JAK2 V617F structure (PDB ID: 
6D2I) (68) was used as the initial structure in the atomistic MD 
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simulations. Hydrogens were added, and all amino acids were mod-
eled in their standard protonation states. The system was solvated 
with water molecules, and a short energy minimization with the 
steepest descent algorithm was performed (1000 steps). The physi-
ological conditions were introduced by adding salt (KCl, 150 mM) 
and by adding a sufficient number of counterions to achieve charge 
neutrality, which was followed by another 1000-step minimization. 
Subsequently, 1- and 2-ns equilibration runs in NVT and NPT 
ensembles, respectively, were performed with protein coordinates 
restrained with a force constant of 400 kJ mol−1 nm−2. Last, produc-
tion runs were conducted as described in table S2. We used the 
CHARMM36m force field for all components of the system (69); 
however, water molecules were described with the TIP3P water 
model (70). Simulations were conducted using the GROMACS 
simulation package, version 2020 (71). We note that for the simulations 
involving the ATP-bound dimer variants (EQ8 to EQ11 in table S2), 
where each JH2 domain binds one ATP molecule, we sourced the 
ATP pose from the crystallographic monomer of JAK2 JH2 V617F 
(PDB ID: 4FVR). This pose was integrated into the dimer structure 
through protein structure superimposition.

The production runs, along with equilibration, were carried out 
by the leap-frog integrator with a time step of 2 fs. The LINCS 
(72) algorithm kept all bonds between hydrogen and heavy at-
oms constrained. Periodic boundary conditions were applied in 
all three dimensions. Long-range electrostatics were treated with 
the particle-mesh Ewald (73) method of the order of 4, applying a 
cutoff of 1.2 nm between short-range and long-range components. 
Neighbor search for long-range interactions was carried out every 
10 steps. Van der Waals interactions were cut off at 1.2 nm. The 
Nosé-Hoover thermostat (74, 75) coupled the systems to a heat bath 
of 310 K, while the Parrinello-Rahman (76) barostat kept the pres-
sure at 1.0 bar, with a compressibility of 4.5 ×  10−5 bar−1. At the 
beginning of each simulation, we assigned random initial velocities 
using the Boltzmann distribution. The simulation trajectories were 
saved every 100 ps.

The stability of our JH2 dimer model was assessed by calculating 
its RMSD values in equilibrium simulations (EQ1 to EQ11 in ta-
ble S2). Here, we defined three ranges for the RMSD values, such 
that the domains are either (i) bound in the predicted pose when the 
RMSD of the dimer falls below 0.8 nm, (ii) attached but in a less-
defined pose when RMSD is between 0.8 and 2.0 nm, or (iii) de-
tached when RMSD is higher than 2.0 nm. These intervals were 
chosen through visual inspection to best reflect the bound state of 
the dimer; however, we confirmed through additional studies that 
the classification to these three states was not sensitive to the choic-
es of RMSD values used in the analysis. Figure 5C shows probabili-
ties for all dimer variants to be in each of the defined states. RMSD 
was calculated for protein heavy atoms every 10 ns.

Free-energy calculations
In the umbrella sampling simulations (systems FE1 to FE5), we 
pulled the two JH2 subunits apart using a series of umbrella sam-
pling windows (see table S2). In practice, we started from the unbi-
ased MD-relaxed (see above) dimer structure and increased the 
JH2-JH2 distance by 1.4 Å at every new sampling window using the 
pull_init option of GROMACS to set a new distance. Each sampling 
window was simulated for a period of 450 ns, and all the data were 
used for the analysis of the potential of mean force using the weighted 
histogram analysis method (WHAM), which is implemented as 

the gmx wham tool (77, 78) in GROMACS. In the sampling win-
dows, a force constant of 1000 kJ mol−1 nm−2 was used to constrain 
the distance between the JH2 domains. The other subunit was re-
strained with a force constant of 1000 kJ mol−1  nm−2 from the 
heavy atoms of residues 546 to 744. The potential of mean force 
profiles were shifted so that the free energy reached a level of zero at 
large JH2-JH2 separation (5.6 nm). The minimum of the potential 
of mean force (ΔGUS) is reported in Fig. 5D for each variant. Error 
estimates were calculated by the bootstrap analysis implemented 
within the gmx wham code.

As a complementary approach, being lighter than the computa-
tionally very laborious umbrella sampling free-energy calculations, 
the binding free energy (ΔGMM/GBSA) between JH2-JH2 variants 
was also calculated using the molecular MM/GBSA analysis (38). 
Solvation energy was calculated with the GBOBC2 model (79) at a 
temperature of 310 K and 0.15 M salt concentration. Frames for 
MM/GBSA analysis were taken every 10 ns from the last 500 ns of 
equilibrium runs (see table S2) of four replicas for each variant.

AlphaFold-based structural models
The predicted human full-length JAK2 structure (UniProt code 
O60674) was acquired from the AlphaFold database (80, 81). Two 
AlphaFold JAK2 structures were aligned to the JAK2 JH2-V617F 
and JAK2 JH2-K539L dimers to construct full-length models of ac-
tivated JAK2 dimers. The dimer models were subjected to MD re-
finement in a water-ion solution. The simulation setup was prepared 
using CHARMM-GUI (82) tools. MD simulations were performed 
(as described above) in three replicas for each model, and each sim-
ulation replica covered a timescale of 1 μs.
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