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Abstract: Hyperactive mutation V617F in the JAK2 regulatory pseudokinase domain (JH2) is preva-
lent in patients with myeloproliferative neoplasms. Here, we identified novel small molecules that
target JH2 of JAK2 V617F and characterized binding via biochemical and structural approaches.
Screening of 107,600 small molecules resulted in identification of 55 binders to the ATP-binding
pocket of recombinant JAK2 JH2 V617F protein at a low hit rate of 0.05%, which indicates unique
structural characteristics of the JAK2 JH2 ATP-binding pocket. Selected hits and structural analogs
were further assessed for binding to JH2 and JH1 (kinase) domains of JAK family members (JAK1-3,
TYK2) and for effects on MPN model cell viability. Crystal structures were determined with JAK2 JH2
wild-type and V617F. The JH2-selective binders were identified in diaminotriazole, diaminotriazine,
and phenylpyrazolo-pyrimidone chemical entities, but they showed low-affinity, and no inhibition of
MPN cells was detected, while compounds binding to both JAK2 JH1 and JH2 domains inhibited
MPN cell viability. X-ray crystal structures of protein-ligand complexes indicated generally similar
binding modes between the ligands and V617F or wild-type JAK2. Ligands of JAK2 JH2 V617F are
applicable as probes in JAK-STAT research, and SAR optimization combined with structural insights
may yield higher-affinity inhibitors with biological activity.

Keywords: JAK inhibitor; JAK2 V617F; myeloproliferative neoplasm; cytokine signaling; pseudokinase

1. Introduction

JAK2 belongs to the Janus kinase family of cytoplasmic non-receptor tyrosine kinases
(JAK1-3, TYK2) and functions as a critical mediator of signaling for hematopoietic cytokines
and hormones [1]. JAK2, like other JAK family members, comprises a catalytically active
C-terminal tyrosine kinase domain (JH1), a regulatory pseudokinase domain (JH2), and a
Src homology-2 (SH2)-like domain that, together with the N-terminal FERM (N-terminal
4.1, ezrin, radixin, moesin) domain, forms the major receptor interaction moiety. Both
biochemical and clinical studies have identified the JH2 domain as a critical regulatory
domain in JAKs [2-8]. The important role of the JH2 domain is emphasized by the fact
that over 30 different mutations in JAK2 JH2 have been shown to cause, or be linked to,
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hematological diseases (reviewed in [9]). The most frequent somatic mutation, V617F,
results in a constitutively active JAK2 and is found in >95% of polycythemia vera cases and
~50% of essential thrombocythemia and primary myelofibrosis cases [10].

Previous studies have demonstrated that JAK2 JH2 binds ATP and possesses regu-
latory autophosphorylation activity on Ser523 and Tyr570 [3]. Further, the inhibition of
ATP binding to JAK2 JH2 via mutagenesis displayed selective inhibition of hyperactive
pathogenic JAK2 mutants [11]. These findings suggest that inhibiting ATP binding to JAK2
JH2 by small molecules might inhibit hyperactive JAK2 signaling. The ATP-binding pocket
of JH2 has recently been validated as a viable drug target by a TYK2-selective inhibitor,
deucravacitinib, which, via targeting of the JH2 ATP-binding pocket (of TYK2 and JAK1),
selectively inhibits TYK2-mediated signaling [12]. Deucravacitinib was recently approved
by the FDA for the treatment of psoriasis and is currently under clinical evaluation for
psoriatic arthritis (Phase III) and systemic lupus erythematosus (Phase II). Most JAK in-
hibitors target the active, highly conserved JH1 domain with variable JAK and/or cytokine
pathway selectivity, are not curative, and result in various side effects.

The present study aimed to identify small molecule inhibitors that target the ATP-
binding site in JH2 of JAK2 V617F. We performed large-scale in vitro screens for detection
of small molecular weight (smw) compound binders against recombinant JAK2 JH2 V617F
protein. The identified hits and their structural analogs were profiled for JAK and ki-
nase/pseudokinase domain selectivity and assessed for inhibition of JAK2 V617F activity
in MPN model cell lines. Finally, the binding of selected hits and hit analogs to JAK2 JH2
wild-type and V617F mutant were characterized with X-ray crystallography.

2. Results
2.1. Small-Scale Pilot Screen Compared TSA and FP as Screening Methods

Small-scale pilot screens were performed to detect binders for JAK2 JH2 V617F re-
combinant protein using thermal shift assay (TSA) and/or fluorescence polarization (FP)
screening techniques in 384-well plate format (Table 1). A collection of 4200 compounds was
screened by TSA at 10 uM concentration and 2100 small molecules by TSA and FP at 20 uM
concentration. Libraries consisted of known kinase inhibitors, nucleotide/nucleoside
analogs and clinical compounds. TSA measures protein thermal unfolding and ligand
binding can be observed as a shift in the unfolding temperature (ATm) [13,14]. The TSA
screens identified six compounds that induced shift in the unfolding temperature of re-
combinant JAK2 JH2 V617F at or above 2 °C, four of which were identified from collection
screened only by TSA and two, JNJ-7706621 (1) and AT9283 (2), from collections screened
by TSA and FP. Compounds 1 and 2 are known kinase inhibitors and their binding to JAK2
JH2 has been reported previously [15-17]. Fluorescence polarization assay, which detects
ligands that out-compete a fluorescent tracer, Bodipy FL-ATP, from the ATP-binding site,
was then applied as an alternative screening method for 2100 compounds included also
in TSA-screen. Small-scale FP screen resulted in identification of the TSA-screen hits 1
and 2 and additional 28 hits (Table 1). The hit rate in FP screen (1.5%) was significantly
higher than in TSA screen (0.096%) and thus FP as a more sensitive method was selected
for large-scale screening.
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Decrease in FP signal [mP]

Table 1. Summary of libraries screened and number of hits. A total number of 107,600 small molecules
were screened against recombinant JAK2 JH2 V617F by thermal shift assay (TSA) and/or fluorescence
polarization (FP) in 384- or 1536-well plate formats, which resulted in identification of 55 hits.

. . No. of Screening Screening No. of
Library Type Provider Compounds Method Format Hits
Uni Copenhagen 4200 TSA 384- 4
Kinase- Biomol 160 TSA, FP 384- 5
targeted SelleckChem 190 TSA, FP 384- 1
Vitas-M 1000 FP 1536- 0
Nucleotide/
nucleoside Otava 960 TSA, FP 384- 22
analogs
Clinical NIH 740 TSA, FP 384- 2
bioactives
Known drugs Prestwick 1200 Fp 1536- 3
Fragments Org Pharm Chem 500 FP 1536- 1
Natural Timtec 3000 Fp 1536- 0
derivatives Analyticon 1000 Fp 1536- 0
Enamine 28,200 FP 1536- 3
MayBridge 14,400 FP 1536~ 9
Diverse Elite 2300 FP 1536- 0
Synergy 1900 FP 1536- 0
Specs 30,300 FP 1536- 3
ChemBridge 17,500 FP 1536- 2
SUM: 107,600 55

2.2. Summary of the Screens

After the pilot screens in 384-format, a follow-up screen of 101,300 smw compounds
was performed at Karolinska High-Throughput Center using FP in 1536-format (Table 1). A
total of 70 plates containing compounds from targeted and diverse libraries were screened
by FP. Median Z-factor was 0.62 (range of 0.21-0.78; average 0.60), which indicate general
robustness of the screening. Signal decrease in FP screens, indicating a displacement of
the tracer from the ATP pocket, is presented as a scatter blot in Figure 1 with verified hits
marked as orange dots. Fifty-one hits were verified in dose-response as binders of JAK2
JH2 V617F from FP screens, and an additional four hits were verified from TSA pilot screen

(Table 1).
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Figure 1. Fluorescence polarization signal in screening. Data presented is decrease in FP [mP] for
each 103,400 compounds screened. Verified 51 hits are marked with orange color.
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Majority of the hits were from Otava nucleotide/nucleoside analogs compound set
(22 hits), followed by diverse compound set from Maybridge (9 hits) and kinase targeted
libraries from Biomol (5 hits) and Uni Copenhagen (4 hits) (Table 1). Few binders of
JAK2 JH2 V617F were found from diverse compound sets from Enamine (3 hits), Specs
(3 hits) and ChemBridge (2 hits), known-drugs collection from Prestwick (3 hits), clinical
bioactives collection from National Institutes of Health (NIH; 2 hits), kinase-targeted library
from SelleckChem (1 hit), and fragment set from Org Pharm Chem (1 hit). Hit rate in the
screening was low, 0.051%, which indicates low affinity of the small molecules in general
for the JAK2 pseudokinase domain and the unique nature of JAK2 JH2 ATP pocket, further
suggesting that the ATP binding pocket of JAK2 JH2 may be targeted with high specificity.

2.3. Primary Hit Follow-Up

A set of 15 commercially available synthetic hit compounds (1-15) were selected for
dose-response binding analyses against recombinant JAK2 JH2 V617F, JAK2 JH2 wt, and
JAK2 JH1 proteins. Dose-response FP data for JAK2 JH2 V617F protein (Figure 2a) indicate
higher-affinity binding of compound 1 and reversine (7) than CB_7644166 (4). Compounds
1 and 7 targeted also the ATP-binding site of JAK2 JH1 domain, whereas no binding of 4 to
the JH1 domain was observed (Figure 2b). Hits were categorized into four groups according
to their chemical structures, i.e., diaminotriazole compounds, di-amino triazine compounds,
aminopurine compounds, and other hits (Figure 2c). Four hits, i.e., diaminotriazole com-
pounds 1 and Cdk1/2 inhibitor III (3), and aminopurine analogs Cdk2 inhibitor IV (6) and
7 bound JAK2 JH2 (V617F and wt) and JH1 domains with IC50 values at or below lower
detection limit of assay (3.5 pM) (Figure 2¢; Supplementary Table S1). Diaminotriazine
compounds 4 and 7290271204 (5) and phenylpyrazolo-pyrimidone compound HTS01632
(13) possessed JH2-selective binding over JH1 with IC50 from 32 to 91 uM for JH2 V617F
(Figure 2c).

2.4. JH2 and JH1 Domain Targeting of Selected Hit Analogs

Compounds analogous to identified hits were searched from PubChem and ZINC
databases [18,19]. Identified 15 diaminotriazole analogs (Supplementary Table S2), 24
diaminotriazine analogs (Supplementary Table S3), 9 phenylpyrazolo-pyrimidone analogs
(Supplementary Table S4), and 9 pyrazolyl-formamide analogs (Supplementary Table
S5) were assessed for binding to recombinant JAK2 JH2, JH2 V617F and JH1, and JAK1
JH2 proteins.

Diaminotriazole compounds 16-21, in addition to primary hit 1, demonstrated sub-
stantial binding to JAK2 JH2 domain ATP-pocket, i.e., competition of fluorescent tracer was
at or above 30% at 100 uM compound concentration (Figure 3a). The initial hit 1 among
the diaminotriazine compounds bound tightest to both JH2 and JH1 domains, followed
by analogs 16, 18 and 19, which resulted in 79%, 66% and 57%, respectively, inhibition of
tracer binding to JH2 domain at 100 uM concentration. Compounds 16 and 19 engaged
equally JH2 and JH1 domains, whereas analogs 17, 18, 20 and 21 possessed JH2-selective
binding (2- to 3-fold). JH2-selective diamino triazole analogs shared a similar chemical
structure with hydrogen as subgroups R1 (yellow background in Figure 3a) and R2 (green
background), and phenyl group with substituents at m- and/or p-positions as R3 (blue
background). Difference in the binding characteristics of analogs 17 and 22 indicated that
an extra carbon prior to phenyl group at R3 position of 22 is not beneficial for binding to
JH2 or JH1 domains (Figure 3a).

Diaminotriazine compounds 23-33 were found to bind JAK2 JH2 domain (Figure 3b)
generally with selectivity over JH1, except for analog 33, which bound JH1 domain more ef-
fectively than JH2. 33 has a smaller R2 subgroup, phenyl ring, than the JH2-selective triazine
analogs. Level of binding to JH2 domain by analogs 23-28 was equal or stronger compared
to initial hits 4 and 5. In general, the binding of diaminotriazine analogs was stronger to
JH2 domain of JAK1 compared to JH2 domain of JAK2 (Supplementary Table 54).
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Figure 2. Dose-response data and chemical structures of selected hits. (a) Normalized dose-response
data JNJ-7706621 (1), reversine (7), CB_7644166 (4) from fluorescence polarization assay for recom-
binant JAK2 JH2 V617F. Binding of compounds in ATP pocket of proteins is observed as signal
decrease. (b) Normalized dose-response data JNJ-7706621 (1), reversine (7), CB_7644166 (4) from
fluorescence polarization assay for recombinant JAK2 JH1. (c) Chemical structure and IC50 value for

binding against JAK2 JH2 V617F of confirmed hits. Hits were grouped based on chemical structure as

diaminotriazole compounds, diaminotriazine compounds, aminopurine compounds, and other hits.
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Figure 3. Chemical structures of selected analogs and binding to JAK2 JH2 and JH1 domains.
(a) Diaminotriazole analogs, (b) diaminotriazine analogs, and (c) phenylpyrazolo-pyrimidone
analogs. Subgroup R1 marked with yellow, R2 with green and R3 with blue background. Bind-
ing data are inhibition-% of tracer binding to recombinant JAK2 JH2 and JH1 domains at 100 pM

analog concentration.
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Phenylpyrazolo-pyrimidone compounds 34, 35, and 36, analogs of hit 13, engaged
JAK2 JH2 domain with selectivity over JH1 (Figure 3c). Analog 41 preferred JH1 in binding
and analogs 3740 and 42 bound neither JH2 nor JH1 domain (inhibition of tracer binding
below 30% at 100 uM). The compounds that targeted JH2 domain shared a trifluoro-group
as R1 (Figure 3c). Although presence or absence of nitro-substituent at m- or p-position of
phenyl ring as R3 or methoxy-group as R2 did not seem to have a major effect on binding
to JH2 or JH1 domains, the aromatic nature of R3 subgroup was beneficial for binding to
JAK2 JH2.

Nine analogs of hit 2, pyrazolyl formamide compounds, were identified. Two analogs
were observed to bind JAK2 JH2 domain, although the compounds targeted JH1 do-
main with higher potency and binding level to JH2 was lower compared to initial hit 2
(Supplementary Table S5). JH2-targeting of pyrazolyl-formamide analogs was equal or
tighter for JAK1 compared to JAK2.

2.5. JAK Selectivity and Inhibition of MPN Cell Lines of Selected Binders

Fluorescence polarization assay with enhanced, nanomolar-scale sensitivity by apply-
ing a tighter-binding tracer, Bodipy FL-labeled JNJ-7706621 [20] was performed to study
JAK and domain selectivity of selected hits and hit analogs. Selection was based on strength
of binding to JAK2 JH2 and/or JH2-selectivity over JH1, and the assessment included di-
aminotriazole compounds 1 and 18, diaminotriazine compounds 4 and 24, aminopurine
compound 7, phenylpyrazolo-pyrimidone analogs 34 and 36, and pyrazolyl-formamide
compound 2. Inhibition of MPN model cell viability was also measured.

The initial hits 1 and 2 possessed highly JH1-selective binding over JH2 on JAK2,
whereas JH1-selectivity of 7 was minor (Table 2). These compounds targeted JH1 and JH2
domains of all JAK family members. Interestingly compound 7 bound JAK1 and TYK2
JH2 domains tighter than JAK2 or JAK3 JH2 domains, and binding to JAK1 and TYK2,
unlike to JAK2 or JAKS3, was slightly (2-fold) JH2-selective over JH1. Compounds 1, 2,
and 7 also inhibited viability of MPN model cell lines HEL and SET-2 (Table 2), both of
which express JAK2 V617F (homozygous in HEL, heterozygous in SET-2), and murine
pro-B cells Ba/F3 carrying either hJAK2 wildtype or V617F (Supplementary Table S6) at
submicromolar-micromolar range.

Table 2. JAK- and domain-selectivity of selected hits or analogs and effects on MPN cells. Binding of
selected hits or analogs to JAK2 JH2 V617F mutant, JH2 and JH1 domains of JAK family members,
and effect on cell viability of MPN cell lines HEL and SET-2. Data is presented as IC50 [uM] obtained
by fitting dose vs. normalized response across multiple replica data sets (1 = 3-9).

Binding Cell Viability
IC50 [uM] IC50 [uM]

Compound JAK2 JAK1 JAK3 TYK?2
JH2 HEL  SET-2

Velrp JH2 JHL JH2 JH1 JH2 JH1 JH2 JHI
Disminotriagol 1 0.32 031 004 0004 008 72 015 014 0.04 5.6 5.8
laminotriazole 18 69 67 ND 41 ND 15 ND ND ND ND ND
Disminotriagi 4 26 68 ND 45 ND ND ND 27 ND ND ND
laminotriazine 24 24 70 ND ND ND ND ND ND ND ND ND
Aminopurine 7 1.9 13 068 015 035 47 030 006 0.12 9.3 40
Phenylpyrazolo- 34 39 14 ND ND ND 28 70 9.7 50 ND ND
pyrimidone 36 47 25 ND ND ND ND ND 32 ND ND ND
Pyrazolyl-formamide 2 7.7 58 005 011 0.6 11 007 004 002 1.3 0.54

ND, inhibition not detected or IC50 is above upper detection limit (100 uM in binding assay, 40 uM in cell viability
assay). Compound abbreviations: 1, JNJ-7706621; 18, JS-014C; 4, CB_7644166; 24, Z53013220; 7, Reversine; 34,
HTS02998; 36, HTS02993; 2, AT-9283.
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Diaminotriazole analog 18, diaminotriazine compounds 4 and 24, and phenylpyrazolo-
pyrimidone analogs 34 and 36 targeted JAK2 JH2 with selectivity over JH1, although the
affinity of these compounds to JH2 domain was micromolar and thus lower compared to
the JH1-targeting compounds 1 and 2. Interestingly diaminotriazine compounds (4 and 24)
were observed to target JAK2 JH2 V617F 2- to 3-fold stronger than JAK2 JH2 wt. The JH2-
selective compounds additionally targeted one to three other JAK JH2s with IC50 below
100 uM but did not inhibit viability of MPN cell lines (upper detection limit IC50 = 40 uM).

2.6. Protein-Ligand Crystallization

To gain insights on the compound binding modes to JAK2 JH2 and to analyze whether
any differences could be observed between binding to WT and V617F, we determined the
crystal structures of selected small molecules with JAK2 JH2 WT and V617F. All compounds
anchor to the hinge region and extend towards the Gln626 gatekeeper and towards the
G-loop (Figure 4). All compounds bind to the hinge via three hydrogen bonds (H-bonds)
with the exception of 36, which makes only one hydrogen bond to the backbone amide
nitrogen of Val629. The rest make two additional H-bonds to backbone carbonyl oxygens
of Val629 and Glu627. In addition, 24 directly hydrogen bonds to the side chain of the
GIn626 mimicking the interaction made by adenine base in ATP bound structure (pdb code
4FVR) [21]. Additionally, 1 makes this same interaction but only in the V617F structure.
In addition, 1 forms an H-bond with the side chain of Lys640 from the «D helix. This
interaction is also not present in the WT structure. 1 interacts with the side chain of Ser698
in the WT structure but in V617F structure this serine assumes two conformations and
instead of interacting with the serine, 1 forms a hydrogen bond with Lys581, which is
shifted closer to the compound. Overall, the binding modes are highly similar between
WT and V617F structures and no major differences can be seen that would explain the
differences in the observed IC50 values. Differences observed in the complexes with 1
stem from the conformation of the GIn626, the «D lysine and differences at the back of
the binding pocket. It should be noted that the conformation of the gatekeeper displays
rather large variations in the structures, and it is unclear what the contribution of this
interaction to the binding affinity is, especially since diaminotriazole analog 16, which
also contains amide nitrogen at this position (actually even closer to the GIn626) does not
make the gatekeeper H-bond. The aD lysine, in turn, is solvent exposed and rather distal
from the ATP pocket, and it is unlikely that this interaction significantly contributes to the
binding affinity. The variation in the hydrogen bonding pattern in the back of the pocket
(Ser698 in WT vs. Lys581 in V617F) might reflect differences in the dynamics of the pocket
between the structures but altogether the differences in hydrogen bonding with 1 is not
reflected on IC50 values. For two compounds, 4 and 23, no structure with JAK2 JH2 WT
was obtained. They both make the three hinge hydrogen bonds, and also interact with the
GIn626 gatekeeper (Supplementary Figure S1).

To find an explanation for the JH2 over JH1 selectivity for some of the compounds, we
compared the structures of JAK2 JH1 with the complexes of 36, 23, and 4 (Supplementary
Figure S2). Overall, the ATP-pockets of JH2 and JH1 are well-conserved. However, certain
regions can explain the observed differences in IC50 values. First, the methionine gate-
keeper of JH1 does not offer possibilities for hydrogen bonding unlike the polar glutamine.
Second, the 33 Leu579, which flanks the ATP adenine mimicking moiety in the compounds,
is replaced by alanine in JH1. Leucine provides a hydrophobic environment for this region
possibly influencing the binding affinity. Third, the compounds also extend towards the
glycine-rich G-loop, which in the JH1 structure would clash with the compounds. However,
G-loop is often highly mobile in kinases, and it is possible that the G-loop region of JH1
could accommodate these compounds without a negative effect in the binding affinity.
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Figure 4. Crystal structures of selected hits and hits analogs with JAK2 JH2 wild-type and V617F
mutant. The residues participating in hydrogen bonding and the gatekeeper GIn626 are shown as
sticks. The ligand complexes of WT and V617F are superposed together. (a) Compound 1 (RMSD
for aligned Cx atoms: 0.43). (b) Compound 36 (RMSD for aligned Co atoms: 0.133). (¢) Compound
16 (RMSD for aligned C«x atoms: 0.371). (d) Compound 7 (RMSD for aligned Cx atoms: 0.378).
(e) Compound 24 (RMSD for aligned Cx atoms: 0.243). (f) Compound 6 (RMSD for aligned Cax
atoms: 0.43). For JAK2 JH2 WT, the structure is shown in turquoise, the ligand and hydrogen bonds
in orange. For JAK2 JH2 V617F, the structure is shown in magenta, the ligand and hydrogen bonds in
yellow. JAK2 JH2—1 complex structure has been determined previously (pdb code SWIN).



Pharmaceuticals 2023, 16, 75

10 of 17

3. Discussion

JAK kinases share a tandem kinase domain structure consisting of an active tyrosine
kinase domain and a regulatory pseudokinase domain that binds ATP but is generally
devoid catalytic activity [2-5]. JAK2 JH2 exceptionally possesses non-canonical phospho-
transfer activity via phosphorylation of two negative regulatory sites, Ser523 and Tyr570
to maintain low activity in the absence of cytokine stimulation [3,6]. The JH2 domain has
a key role in mediating both negative and positive regulation of JAK kinase activity and
numerous disease mutations locate in JH2, including the prevalent hyperactivating JAK2
V617F in MPN. V617F induces cytokine-independent receptor dimerization, which leads to
cytokine-independent activated JAK2-STAT5-signaling [22].

The pseudokinase domain of JAKs may theoretically be targeted with higher specificity
compared to the highly conserved kinase domain. Furthermore, the current JAK2-inhibitors
in treatment of MPNs do not induce remission and thereby alternative drug approaches
are needed. The pseudokinase domain of JAKs has raised interest in recent years. Series
of TYK2 pseudokinase binders that selectively suppress TYK2-mediated signaling has
been developed by Bristol Myers Squibb [12,23], which recently led to FDA-approval of
deucravacitinib for the treatment of plaque psoriasis. The JAK1 pseudokinase domain has
also been targeted by small molecules [24]. Further, targeting of JAK2-mediated signaling
via JH2 has been previously approached via screening of up to 1000 small molecules for
binding against JH2 domain [15,25] and via virtual screening approach [26]. Here, we
describe novel JH2-binding chemical structures obtained from extensive screening of nearly
110,000 compounds. Unsurprisingly, almost half of the identified JH2-domain ATP-pocket
binders, 22 out of 55, were nucleotide analogs, whereas only 10 hits were identified from
kinase-targeted compound collections of 5,600 small molecules, which indicates the unique
nature of ATP-pocket of JAK2 pseudokinase domain in the kinome. Seventeen binders
were from diverse compound sets.

JNJ-7706621 (1) and AT-9283 (2) were also observed as JAK2 JH2 binders in a pre-
vious screening by Puleo and coworkers [15]. Interestingly, a recently published virtual
screening for binders to JAK2 JH2 led to identification and development of a JH2-selective
aminoanilinyltriazine compound series by Jorgensen and Schlessinger groups [26]. Our
diaminotriazine hits share the aminoanilinyltriazine core structure and were confirmed
to have JH2-selectivity over JH1. Data in the present study and that by Jorgensen group
indicate that aminoanilinyltriazine compounds might possess slightly (2- to 3-fold) stronger
binding to V617F than wild-type. Unfortunately, we were able to obtain a good-quality
crystal structure of diaminotriazine compound 23 in complex only with JAK2 JH2 V617F
and thus basis for the observed minor, but consistent difference remains elusive.

Phenylpyrazolo-pyrimidone compounds identified in the present study are a novel
finding for JH2-selective binders of JAK2. The compounds have previously observed to
function as potassium channel (Kv7/KCNQ) activators [27]. The affinity of phenylpyrazolo-
pyrimidone compounds as well as of other JH2-selective small molecules to JAK2 JH2 was
rather low, in the micromolar range. Considering that generally 10-200-fold amount of
inhibitor is needed for cellular effects, it is not surprising that no inhibitory effects with the
low-affinity JH2-selective binders were observed in MPN cells, where detection of inhibitory
effects is limited due to compound solubility issues to IC50 < 40 uM. Although mutagenesis
studies [11] suggested that inhibition of ATP binding to JAK2 JH2 by small molecules
might inhibit hyperactive JAK2, the prediction of the cellular effects of JH2-selective small
molecules is challenging given the complex regulatory role of the JH2 domain, with both
positive and negative effects on JAK activation [2-8,28]. SAR optimization is needed to
enhance affinity of the novel JH2-selective hit structures in order to evaluate their cellular
effects. The compounds could further be useful as JH2-selective probes in JAK research.

Structural analysis of compound binding modes to JAK2 JH2 WT and V617F mutant
revealed no major differences in the binding modes with the exception of compound
1. However, these differences did not translate into potency differences in the binding
assays. Since the compound binding does not induce significant changes in the ATP pocket,



Pharmaceuticals 2023, 16, 75

11 of 17

we compared the regions around residue 617 and the helix Cx between WT and V617F
structures. It has been noted before [25] that compound binding to JAK2 JH2 V617F can
disrupt the aromatic packing of F617-F595-F594 and the conformation of F595 and F594 can
be reverted back to the JAK2 JH2 WT conformation (Figure 5a,b). We compared our eight
V617F complexes with JAK2 JH2 WT (PDB code 4FVQ) and V617F (PDB code 4FVR) and
noticed that in most structures the V617F-like pi-stacking of Phe595-Phe594 was intact. In
structures complexed with 6, 36, and 16, a WT-like conformation for the phenylalanines was
observed. In the complexes with 36 and 16, the switch towards the WT-like conformation
seems to start from the shifting of GIn626 gatekeeper position, which in turn affects the
conformation of Leu624. This leucine forces both Phe594 and Phe595 to a new conformation
(Figure 5¢,d). However, the GIn626-Leu624 switch is not present in the complex with 6
but the structure still assumes a WT-like Phe594-Phe595 conformation. Interestingly, the
packing of F617 against F595 observed in the V617F-ATP complex was not evident in any
of our structures and the residue often displayed poor electron density suggesting high
flexibility. It appears to be possible to affect the conformation of the V617F region with
small molecules, especially ones disturbing the position of the gatekeeper. However, before
a possible biological effect of these compounds can be evaluated, a higher selectivity over
the JH1 domain is required. Recently developed JAK2 JH2 targeting diaminotriazoles [29]
display very high selectivity over JH1 but did not inhibit cellular STAT5 phosphorylation
at concentrations lower than required for JH1 inhibition. Compounds from this series
whose structure was determined (with JAK2 JH2 WT domain) did not affect the GIn626-
Leu624 axis and therefore unlikely induce WT-like conformation in the V617F mutant
structure. Combining high selectivity with the ability to reverse the F594-F595 back to WT-
like conformation could be a potential approach to modulate pathogenic JAK2 signaling
with JH2 specific compounds.

a)Qe26 1624 b)as2e 1624
]} gﬁ% i F595
F594 F594
1624 1624
X f d)ff\
F594 F594

Figure 5. Differences induced by compound binding to the conformation of Phe594 and Phe595.
(a) Comparison of JAK2 JH2 WT (PDB code 4FVQ, green) and JAK2 JH2 V617F (PDB code 4FVR,
pink). (b) Comparison of JAK2 JH2 V617F-24 (magenta) and JAK2 JH2 V617F (pink). (c) Comparison
of JAK2 JH2 V617F-6 (magenta) and JAK2 JH2 WT (green). (d) Comparison of JAK2 JH2 V617F-16
(magenta) and JAK2 JH2 WT (green).
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4. Materials and Methods
4.1. Cloning, Production and Purification of Proteins Used in This Study

Human JAK2 JH2 (503-827), JAK2 JH1 (836-1132) D976N, JAK1 JH2 (553-836), JAK1
JH1 (866-1154) D1003N, TYK2 JH1 (886-1187) D1023N, JAK3 JH1 (811-1124) D949N, and
JAK2 JH2 (536-812) V617F-W659A-W777A-F794H were cloned into pFASTBAC1 vector
(Invitrogen) with a C-terminal hexa histidine-tag. Mutations were introduced by site-
directed mutagenesis using QuikChange-protocol with specifically designed primers and
verified by using Sanger sequencing. Preparation of other JAK constructs has been reported
previously [2,5,21].

Recombinant human JAK2 JH2 V617F, JAK2 JH2 (536-812) W659A-W777A-F794H,
JAK2 JH2 (536-812) V617F-W659A-W777A-F794H, JAK2 JH2 (536-812) V617F-W777A-
F794H, JAK2 JH2, JAK2 JH1 D976N, JAK1 JH2, JAK1 JH1 D1003N, JAK3 JH2 (511-790),
JAK3 JH1 D949N, TYK2 JH2 (564-876), and TYK2 JH1 D1023N proteins with C-terminal
histidine tag were expressed in High Five™ or Sf9 insect cells. Proteins were purified using
Ni-NTA-affinity and size exclusion chromatography (SEC) as described earlier [30]. JAK2
JH2 V617F protein used in screening approaches was Ni-NTA-affinity purified, whereas
the recombinant proteins for further assessments were affinity- and SEC-purified.

4.2. Screening

Small-scale pilot screen of 2100 smw compounds from kinase-targeted (Biomol and
SellechChem), nucleotide /nucleoside analogs (Otava) and clinical bioactives (NIH) col-
lections (Table 1) for binders of recombinant JAK2 JH2 V617F protein was performed in
384-well plate format using thermal shift assay (TSA) and fluorescence polarization (FP)
technologies at Karolinska High-Throughput Screening Center. Additionally, a small-scale
screen of 4200 small molecules was performed by TSA at Novo Nordisk Foundation Center
for Protein Research, University of Copenhagen. Thermal shift assay measures protein
thermal stability and is applicable for identification of binders that stabilize (or de-stabilize)
the protein. For the assay, reaction components 6x Sypro Orange, 2 uM recombinant JAK2
JH2 V617F, 1 mM MgCl2, 20 mM Tris-Cl pH 8.5, 500 mM NaCl, and 20% glycerol were
mixed and dispensed by Beckmann Biomek FXP automation workstation in volume of 5 uL.
per well, on top of which smw compounds (final concentration 10-20 uM), DMSO (negative
control) or VI16832 (positive control) were dispensed by Echo555 acoustic dispenser (Beck-
man Coulter). TSA run with temperature increase of 1 °C per 30 s with signal detection after
each increase was performed using Roche LightCycler480. Melt temperatures (Tm) were
calculated and compounds that resulted in Tm increase at or above 2 °C were identified
as hits. To compare two screening methods, the pilot screen of 2100 compounds was also
performed using FP that was based on a fluorescent tracer Bodipy FL-ATP (Thermo Fisher
Scientific), which binds to the ATP-pocket of JAK2 JH2 V617F. ATP-competitive binding of a
smw compound resulted in FP signal decrease. Library compounds, DMSO or JNJ-7706621
(positive control; a hit from TSA pilot screen) were dispensed on empty screening plates
by Echo555 acoustic dispenser (Beckman Coulter), followed by dispensing the reaction
mixture containing 7 uM protein and 40 nM Bodipy FL-ATP in sample buffer (10 mM
MgCly, 20 mM Tris-Cl pH 8.5, 150 mM NaCl, 0.01% Brij-35, 20% glycerol) by Multidrop dis-
penser (Thermo Scientific). FP was detected by measuring fluorescence (ex. 480/30 nm, em.
535/40 nm S-pol and P-pol) in EnVision multilabel plate reader (PerkinElmer) equipped
with a FITC FP package.

Large-scale screens were performed in 1536-well plate format by applying FP as a
screening method. Reaction mixture composed of 8 M protein, while other components
were the same as in pilot screen described above. Reaction volume was 2 uL and binding of
smw-compounds was assessed at 25 uM compound concentration. The sample plates were
stored at +4 °C up to 30 min, incubated at RT for 5-10 min, and FP was detected as in pilot
screen described above. Altogether 103,400 smw compounds were screened by FP from
multiple libraries including kinase-targeted compounds, nucleotide /nucleoside analogs,
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known drugs, small molecule fragments, clinical bioactive compounds, natural derivatives,
and other diverse compound sets (Table 1).
Z-factor was calculated for each screening plate according to Equation (1):

stdev(neg. ctrl) + stdev(pos. ctrl)
average (neg. ctrl) — average(pos.ctrl)

Z'=1-3x% 1)
where stdev and average are standard deviation and average of FP signal. Decrease in FP
signal was calculated for each compound by subtraction of signal in compound well from
average signal in negative control wells. Calling of preliminary hits was performed for
each plate, and compounds that resulted in a decrease in FP signal greater than 6 times
the standard deviation in the neg. ctrl wells were identified as preliminary hits. The
preliminary hits were verified at concentrations 12.5 uM, 25 uM and 50 uM in FP assay
at the abovementioned assay conditions. Preliminary hits that resulted in concentration-
dependent decrease in FP were verified as hits.

4.3. Compounds

Selected verified hits were ordered for further testing. Supplier details for hits and
product details for hit analogs are listed in Tables S7 and S8, respectively. All smw com-
pounds in the study were synthetic.

4.4. FP Binding Assay

Binding of hits and their structural analogs was first characterized in five-fold dilutions
at concentration range of 6 nM to 500 uM for JAK2 JH2 V617F, JAK2 JH2 wild-type and JAK2
JH1 D976N in 384-well plate format and assay parameters as in pilot screen. Fluorescence
polarization values obtained were fitted against log[inhibitor] in GraphPad Prism to yield
IC50 values. Due to micromolar protein-tracer binding affinity (7 uM for JAK2 JH2 V617F,
9 uM for JAK2 JH2 WT, 5 uM for JAK2 JH1) in the assay conditions and thereby micromolar
(7 uM) protein amount applied, the assay was sensitive to detect uM IC50 values.

Selected hits or hit analogs were further assessed in a more sensitive FP binding assay
that applied Bodipy FL-labeled 1 as a tracer as reported earlier [5]. Concentrations of
recombinant proteins were chosen based on protein titration to yield 90% of max signal:
4 nM JAK1 JH1 D1003N, 1.3 nM JAK1 JH2, 5.8 nM JAK2 JH1 D976N, 52 nM JAK2 JH2,
1.1 nM JAK3 JH1 D949N, 1000 nM JAK3 JH2, 5.9 nM TYK2 JH1 D1023N, or 24 nM TYK2 JH2.
Compounds were titrated at concentration range of 0.01 to 100,000 nM, and fluorescence
polarization values obtained were normalized and pooled from 3-6 individual experiments.
Pooled data was fitted against log[inhibitor] in GraphPad Prism to yield IC50 values. IC50
was noted is R? of fit was >0.7.

4.5. Cell Lines and Cell Viability Assay

Human erythroleukemia (HEL) cells (ATCC; TIB-180) [31] were cultured in RPMI-
1640 supplemented with 10% FBS, 1% pen-strep, 1% glutamine, and 10 ng/mL hIL-3, and
human megakaryoblastic (SET-2) cells (DSMZ; ACC 608) [32] in RPMI-1640 supplemented
with 20% FBS, 1% pen-strep, 1% glutamine, and 10 ng/mL hIL-3. Ba/F3-hJAK2 wildtype
and Ba/F3 hJAK2 V617F cells, in which mJAK2 had been replaced with hJAK2 or hJAK2
V617F by CRISPR technology, were a kind gift from prof. R. Skoda (University of Basel).
The Ba/F3 cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 1%
pen-strep, 1% glutamine and 10 ng/mL mIL-3.

Cells were seeded in white, sterile 384-well plates at 6250 cells/25 pL/well with
selected hits or hit analogs at concentration range 0.2 nM-20 uM and incubated for 48 h at
37 °C and 5% CO;. Invitrogen alamarBlue cell viability assay (Thermo Fisher Scientific)
was performed according to manufacturer’s instructions, and fluorescence (ex. 560 nm, em.
590 nm) was detected by EnVision plate reader. IC50 values were determined by fitting
fluorescence signal against log[inhibitor] in GraphPad Prism. Reactions were performed in
triplicate and data presented is average of two to three individual experiments.
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4.6. Protein Crystallography

JAK2 JH2 WT and V617F were crystallized as described previously [21]. JAK2 JH2—
small molecule complexes were acquired either by co-crystallization or compound soaking.
Co-crystallization was achieved by mixing the small molecule (300 uM) with protein prior
to setting up the crystallization drops. To achieve JAK2 JH2—small molecule complexes
by soaking, the compounds were soaked at 100 uM concentration into preformed crystals
for 24 h in well solution. Before data collection, the crystals were briefly soaked in a well
solution supplemented with 20% glycerol and flash frozen in liquid nitrogen. Data were
collected at the Advanced Photon Source, Argonne National Laboratory (Illinois, US), on
beam line 19-BM. Diffraction data were processed and scaled with the XDS package [33],
HKL2000 [34], Xia2 [35], and Aimless [36]. The structures were solved using molecular
replacement with JAK2 JH2 V617F mutant (pdb 4FVR) as the starting model. REFMACS5 [37]
and phenix.refine [38] were used for refinement and COOT [39] for manual model building.
Data collection and refinement statistics are shown in the Supplementary Table S9. JAK2
JH2 V617F-36 data suffered from translational pseudosymmetry but electron density maps
for the protein and the ligand were clear. In JAK2 JH2 V617F-16 complex, the ligand was
not modelled to the B chain due to poor electron density. Coordinates and structure factors
have been deposited into the protein data bank (http://www.rcsb.org) with the following
accession codes: 8EX1 (JAK2 JH2-7), 8BAK (JAK2 JH2 V617F-7), 8EX0 (JAK2 JH2-6), 8B8N
(JAK2 JH2 V617F-6), 8EX2 (JAK2 JH2-36), 8B8U (JAK2 JH2 V617F-36), 8B9H (JAK2 JH2-24),
8B9E (JAK2 JH2 V617F-24), 8BA3 (JAK2 JH2-16), 8BA4 (JAK2 JH2 V617F-16), 8B99 (JAK2
JH2 V617F-1), 8BAB (JAK2 JH2 V617F-4), 8BA2 (JAK2 JH2 V617F-23).

5. Conclusions

We screened nearly 110,000 small molecules for binding against JAK2 JH2 V617F re-
combinant protein, which resulted in identification of 55 hits. Low hit rate, 0.05%, indicates
distinctive structural features of JAK2 JH2 ATP pocket. Secondary analyses of selected
hits and hit analogs resulted with identification of JAK2 kinase/pseudokinase binders
and novel low-affinity JH2-selective binders from diaminotriazole, diaminotriazine, and
phenylpyrazolo-pyrimidone chemical entities. Structural analysis revealed no major differ-
ences in the binding modes of the compounds between JAK2 WT and V617E. Nevertheless,
the structures suggest a potential way to selectively inhibit pathogenic JAK2 activity by
affecting the position of the gatekeeper residue, which can further induce conformational
changes to the mutated F617. SAR optimization could be pursued in future to enhance
the affinity of the JH2-selective hit structures in order to gain insights into their putative
inhibitory potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph16010075/s1, Figure S1: Crystal structures of 23 and 4 with
JAK?2 JH2 V617F; Figure S2: Structural basis for compound selectivity against JAK2 JH1; Table S1:
Binding of selected hits to JAK2 and JAK1 pseudokinase domains; Table S2: Chemical struc-
tures of diaminotriazole analogs and binding characteristics Binding; Table S3: Chemical struc-
tures of diaminotriazine analogs and binding characteristics; Table S4: Chemical structures of
phenylpyrazolo-pyrimidone analogs and binding characteristics; Table S5: Chemical structures of
pyrazolyl-formamide analogs and binding characteristics; Table S6: Effects of compounds on Ba/F3-
hJAK2 wildtype and V617F cells; Table S7: Supplier details on hit compounds of this study; Table S8:
Product details on hit analogs of this study; Table S9: Data collection and refinement statistics.

Author Contributions: Conceptualization, O.S.; methodology, A.T.V,, TH., PS,, ].L. and N.N.; valida-
tion, A.T.V,, TH. and PS; formal analysis, A.T.V,, TH., M.P,, PS. and S.R H.; investigation, A.T.V,, TH.,
M.P,S.L.,J.L, N.N. and PS.; resources, O.S., TH. and S.R.H.; writing—original draft preparation,
A.T.V. and T.H.; writing—review and editing, A.T.V,, TH., S R.H. and O.S,; visualization, A.T.V. and
T.H.; supervision, S.R.H. and O.S.; project administration, A.T.V. and O.S.; funding acquisition, T.H.,
S.R.H. and O.S. All authors have read and agreed to the published version of the manuscript.


http://www.rcsb.org
https://www.mdpi.com/article/10.3390/ph16010075/s1
https://www.mdpi.com/article/10.3390/ph16010075/s1

Pharmaceuticals 2023, 16, 75 15 0f 17

Funding: This research was funded by Novo Nordisk Foundation, Academy of Finland, Sigrid
Jusélius Foundation, Finnish Cancer Foundation, Jane and Aatos Erkko Foundation, Tampere Tubercu-
losis Foundation, Competitive State Research Financing of the Expert Responsibility area of Tampere
University Hospital and Doctoral Programme of Medicine and Life Sciences at Tampere University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: X-ray data is available at Protein Data Bank, Accession codes 8EX1
(JAK2 JH2-7), 8BAK (JAK2 JH2 V617F-7), 8EX0 (JAK2 JH2-6), 8B8N (JAK2 JH2 V617F-6), 8EX2 (JAK2
JH2-36), 8B8U (JAK2 JH2 V617F-36), 8B9H (JAK2 JH2-24), 8B9E (JAK2 JH2 V617F-24), 8BA3 (JAK2
JH2-16), 8BA4 (JAK2 JH2 V617F-16), 8B99 (JAK2 JH2 V617F-1), 8BAB (JAK2 JH2 V617F-4), 8BA2
(JAK2 JH2 V617F-23): http://www.rcsb.org. Other data is contained within the article and the
Supplementary Materials.

Acknowledgments: We thank Merja Peltomaa, Heidi Peussa, Marika Véahéa-Jaakkola, Merja Jokela,
and Krista Lehtinen for excellent technical assistance. Karolinska High-Throughput Center and Center
(KHTC) for Protein Research at University of Copenhagen are acknowledged for service. Chemical
libraries of KHTC and HTS service is available now days in SciLifeLab. Protein crystallographic
experiments were performed on the 103 beamline at the Diamond Light Source (Didcot, UK). We are
grateful to the staff at the beamline for assistance with data collection. R. Skoda and his laboratory is
acknowledged for Ba/F3-hJAK2 cell lines.

Conflicts of Interest: This study was supported by grants from Academy of Finland, Sigrid Jusélius
Foundation, Jane and Aatos Erkko Foundation, Finnish Cancer Foundation, Tampere Tuberculosis
Foundation, and Pirkanmaa hospital district competitive research funding. T.H. reports grant from
Novo Nordisk Foundation. P.S. is currently an employee of Surrozen Inc. M.P. is currently an
employee of MedEngine Oy. S.R.H. is a co-founder and scientific advisory board member of Ajax
Therapeutics, Inc. O.S. reports lecture fees from Pfizer, Abbvie and Novartis, is a member of scientific
advisory board of Ajax Therapeutics and chair of scientific advisory board of Finnish hematology
registry and biobank. O.S. holds patents on JAK kinases, US Patent no. 5,728,536, US patent no.
8,841,078, AU 2011214254, CAN 2789186, and EPO 11741946.5, and reports royalties or licenses from
St Jude Children’s Research Hospital and stock option for Ajax Therapeutics. A.-T.V,S.L., J.L. and
N.N. declare no competing interests.

References

1.  George Abraham, B.; Raivola, J.; Virtanen, A ; Silvennoinen, O. Janus Kinase. In Encyclopedia of Molecular Pharmacology; Offermanns,
S., Rosenthal, W., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 893-902, ISBN 978-3-030-57401-7.

2. Min, X,; Ungureanu, D.; Maxwell, S.; Hammarén, H.; Thibault, S.; Hillert, E.K.; Ayres, M.; Greenfield, B.; Eksterowicz, J.; Gabel,
C.; et al. Structural and Functional Characterization of the JH2 Pseudokinase Domain of JAK Family Tyrosine Kinase 2 (TYK?2).
J. Biol. Chem. 2015, 290, 27261-27270. [CrossRef]

3. Ungureanu, D.; Wu, J.; Pekkala, T.; Niranjan, Y.; Young, C.; Jensen, O.N.; Xu, C.F; Neubert, T.A.; Skoda, R.C.; Hubbard, S.R,;
et al. The Pseudokinase Domain of JAK2 Is a Dual-Specificity Protein Kinase That Negatively Regulates Cytokine Signaling. Nat.
Struct. Mol. Biol. 2011, 18, 971-976. [CrossRef]

4. Raivola, J.; Haikarainen, T.; Silvennoinen, O. Characterization of JAK1 Pseudokinase Domain in Cytokine Signaling. Cancers 2020,
12, 78. [CrossRef]

5. Raivola, J.; Hammarén, H.M.; Virtanen, A.T,; Bulleeraz, V.; Ward, A.C.; Silvennoinen, O. Hyperactivation of Oncogenic JAK3
Mutants Depend on ATP Binding to the Pseudokinase Domain. Front. Oncol. 2018, 8, 560. [CrossRef]

6. Saharinen, P.; Vihinen, M.; Silvennoinen, O. Autoinhibition of Jak2 Tyrosine Kinase Is Dependent on Specific Regions in its
Pseudokinase Domain. Mol. Biol. Cell 2003, 14, 1448-1459. [CrossRef]

7. Saharinen, P; Silvennoinen, O. The Pseudokinase Domain Is Required for Suppression of Basal Activity of Jak2 and Jak3 Tyrosine
Kinases and for Cytokine-Inducible Activation of Signal Transduction. J. Biol. Chem. 2002, 277, 47954-47963. [CrossRef]

8. Saharinen, P,; Takaluoma, K; Silvennoinen, O. Regulation of the Jak2 Tyrosine Kinase by Its Pseudokinase Domain. Mol. Cell.
Biol. 2000, 20, 3387-3395. [CrossRef]

9. Haan, C,; Behrmann, I.; Haan, S. Perspectives for the Use of Structural Information and Chemical Genetics to Develop Inhibitors
of Janus Kinases. J. Cell. Mol. Med. 2010, 14, 504-527. [CrossRef]

10. Skoda, R.C.; Duek, A.; Grisouard, J. Pathogenesis of Myeloproliferative Neoplasms. Exp. Hematol. 2015, 43, 599-608. [CrossRef]

11. Hammarén, H.M.; Ungureanu, D.; Grisouard, J.; Skoda, R.C.; Hubbard, S.R ; Silvennoinen, O. ATP Binding to the Pseudokinase

Domain of JAK2 Is Critical for Pathogenic Activation. Proc. Natl. Acad. Sci. USA 2015, 112, 4642—-4647. [CrossRef]


http://www.rcsb.org
http://doi.org/10.1074/jbc.M115.672048
http://doi.org/10.1038/nsmb.2099
http://doi.org/10.3390/cancers12010078
http://doi.org/10.3389/fonc.2018.00560
http://doi.org/10.1091/mbc.e02-06-0342
http://doi.org/10.1074/jbc.M205156200
http://doi.org/10.1128/MCB.20.10.3387-3395.2000
http://doi.org/10.1111/j.1582-4934.2010.01018.x
http://doi.org/10.1016/j.exphem.2015.06.007
http://doi.org/10.1073/pnas.1423201112

Pharmaceuticals 2023, 16, 75 16 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Wrobleski, S.T.; Moslin, R.; Lin, S.; Zhang, Y.; Spergel, S.; Kempson, J.; Tokarski, ].S.; Strnad, J.; Zupa-Fernandez, A.; Cheng,
L.; et al. Highly Selective Inhibition of Tyrosine Kinase 2 (TYK2) for the Treatment of Autoimmune Diseases: Discovery of the
Allosteric Inhibitor BMS-986165. J. Med. Chem. 2019, 62, 8973-8995. [CrossRef]

Lo, M.C.; Aulabaugh, A; Jin, G.; Cowling, R.; Bard, J.; Malamas, M.; Ellestad, G. Evaluation of Fluorescence-Based Thermal Shift
Assays for Hit Identification in Drug Discovery. Anal. Biochem. 2004, 332, 153-159. [CrossRef]

Murphy, ] M.; Zhang, Q.; Young, S.N.; Reese, M.L.; Bailey, EP,; Eyers, P.A.; Ungureanu, D.; Hammaren, H.; Silvennoinen, O.;
Varghese, L.N.; et al. A Robust Methodology to Subclassify Pseudokinases Based on Their Nucleotide-Binding Properties.
Biochem. ]. 2014, 457, 323-334. [CrossRef]

Puleo, D.E.; Kucera, K.; Hammarén, H.M.; Ungureanu, D.; Newton, A.S.; Silvennoinen, O.; Jorgensen, W.L.; Schlessinger, J.
Identification and Characterization of JAK2 Pseudokinase Domain Small Molecule Binders. ACS Med. Chem. Lett. 2017, 8, 618-621.
[CrossRef]

Howard, S.; Berdini, V.; Boulstridge, J.A.; Carr, M.G.; Cross, D.M.; Curry, J.; Devine, L.A.; Early, T.R.; Fazal, L.; Gill, A.L.; et al.
Fragment-Based Discovery of the Pyrazol-4-Y1 Urea (AT9283), a Multitargeted Kinase Inhibitor with Potent Aurora Kinase
Activity. . Med. Chem. 2009, 52, 379-388. [CrossRef]

Lin, R,; Connolly, PJ.; Huang, S.; Wetter, S.K.; Lu, Y.; Murray, W.V.; Emanuel, S.L.; Gruninger, R.H.; Fuentes-Pesquera, A.R,;
Rugg, C.A; et al. 1-Acyl-1H-[1,2,4]Triazole-3,5-Diamine Analogues as Novel and Potent Anticancer Cyclin-Dependent Kinase
Inhibitors: Synthesis and Evaluation of Biological Activities. |. Med. Chem. 2005, 48, 4208—4211. [CrossRef]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, PA.; Yu, B.; et al. PubChem in 2021:
New Data Content and Improved Web Interfaces. Nucleic Acids Res. 2021, 49, D1388-D1395. [CrossRef]

Irwin, J.J.; Shoichet, B.K. ZINC-a Free Database of Commercially Available Compounds for Virtual Screening. J. Chem. Inf. Model.
2005, 45, 177-182. [CrossRef]

Newton, A.S.; Deiana, L.; Puleo, D.E.; Cisneros, J.A.; Cutrona, K.J.; Schlessinger, J.; Jorgensen, W.L. JAK2 JH2 Fluorescence
Polarization Assay and Crystal Structures for Complexes with Three Small Molecules. ACS Med. Chem. Lett. 2017, 8, 614-617.
[CrossRef]

Bandaranayake, R.M.; Ungureanu, D.; Shan, Y.; Shaw, D.E.; Silvennoinen, O.; Hubbard, S.R. Crystal Structures of the JAK2
Pseudokinase Domain and the Pathogenic Mutant V617F. Nat. Struct. Mol. Biol. 2012, 19, 754-759. [CrossRef]

Wilmes, S.; Hafer, M.; Vuorio, J.; Tucker, J.A.; Winkelmann, H.; Lochte, S.; Stanly, T.A.; Pulgar Prieto, K.D.; Poojari, C.; Sharma, V.;
et al. Mechanism of Homodimeric Cytokine Receptor Activation and Dysregulation by Oncogenic Mutations. Science 2020, 367,
643-652. [CrossRef]

Tokarski, J.; Zupa-Fernandez, A.; Tredup, J.; Pike, K.; Chang, C.; Xie, D.; Cheng, L.; Pedicord, D.; Muckelbauer, J.; Johnson, S.;
et al. Tyrosine Kinase 2-Mediated Signal Transduction in T Lymphocytes Is Blocked by Pharmacological Stabilization of Its
Pseudokinase Domain. J. Biol. Chem. 2015, 290, 11061-11074. [CrossRef]

Kavanagh, M.E.; Horning, B.D.; Khattri, R.; Roy, N.; Lu, ]J.P.; Whitby, L.R.; Ye, E.; Brannon, J.C.; Parker, A.; Chick, ].M.; et al.
Selective Inhibitors of JAK1 Targeting an Isoform-Restricted Allosteric Cysteine. Nat. Chem. Biol. 2022, 18, 1388-1398. [CrossRef]
McNally, R.; Li, Q.; Li, K.; Dekker, C.; Vangrevelinghe, E.; Jones, M.; Chéne, P.; MacHauer, R.; Radimerski, T.; Eck, M.]. Discovery
and Structural Characterization of ATP-Site Ligands for the Wild-Type and V617F Mutant JAK2 Pseudokinase Domain. ACS
Chem. Biol. 2019, 14, 587-593. [CrossRef]

Newton, A.S.; Liosi, M.E.; Henry, S.P; Deiana, L.; Faver, ].C.; Krimmer, S.G.; Puleo, D.E.; Schlessinger, J.; Jorgensen, W.L.
Indoloxytriazines as Binding Molecules for the JAK2 JH2 Pseudokinase Domain and Its V617F Variant. Tetrahedron Lett. 2021,
77,153248. [CrossRef]

Qi, J.; Zhang, E; Mi, Y,; Fu, Y;; Xu, W.; Zhang, D.; Wu, Y,; Du, X,; Jia, Q.; Wang, K.; et al. Design, Synthesis and Biological Activity
of Pyrazolo [1,5-a]Pyrimidin-7(4H)-Ones as Novel Kv7/KCNQ Potassium Channel Activators. Eur. . Med. Chem. 2011, 46,
934-943. [CrossRef]

Shan, Y.; Gnanasambandan, K.; Ungureanu, D.; Kim, E.T.; Hammarén, H.; Yamashita, K.; Silvennoinen, O.; Shaw, D.E.; Hubbard,
S.R. Molecular Basis for Pseudokinase-Dependent Autoinhibition of JAK2 Tyrosine Kinase. Nat. Struct. Mol. Biol. 2014, 21,
579-584. [CrossRef]

Liosi, M.-E.; Ippolito, ].A.; Henry, S.P,; Krimmer, S.G.; Newton, A.S.; Cutrona, K.J.; Olivarez, R.A.; Mohanty, J.; Schlessinger, J.;
Jorgensen, W.L. Insights on JAK2 Modulation by Potent, Selective, and Cell-Permeable Pseudokinase-Domain Ligands. ]. Med.
Chem. 2022, 65, 8380-8400. [CrossRef]

Hammarén, H.M.; Virtanen, A.T.; Abraham, B.G.; Peussa, H.; Hubbard, S.R.; Silvennoinen, O. Janus Kinase 2 Activation
Mechanisms Revealed by Analysis of Suppressing Mutations. J. Allergy Clin. Immunol. 2019, 143, 1549-1559.e6. [CrossRef]
Martin, P.; Papayannopoulou, T. HEL Cells: A New Human Erythroleukemia Cell Line with Spontaneous and Induced Globin
Expression. Science 1982, 216, 1233-1235. [CrossRef]

Uozumi, K; Otsuka, M.; Ohno, N.; Moriyama, T.; Suzuki, S.; Shimotakahara, S.; Matsumura, I.; Hanada, S.; Arima, T. Establish-
ment and Characterization of a New Human Megakaryoblastic Cell Line (SET-2) That Spontaneously Matures to Megakaryocytes
and Produces Platelet-like Particles. Leukemia 2000, 14, 142-152. [CrossRef] [PubMed]

Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125-132. [CrossRef] [PubMed]

Otwinowski, Z.; Minor, W. Processing of x-ray diffraction data collected in oscillation mode. Methods Enzymol. 1997, 276, 307-326.
[CrossRef] [PubMed]


http://doi.org/10.1021/acs.jmedchem.9b00444
http://doi.org/10.1016/j.ab.2004.04.031
http://doi.org/10.1042/BJ20131174
http://doi.org/10.1021/acsmedchemlett.7b00153
http://doi.org/10.1021/jm800984v
http://doi.org/10.1021/jm050267e
http://doi.org/10.1093/nar/gkaa971
http://doi.org/10.1021/ci049714+
http://doi.org/10.1021/acsmedchemlett.7b00154
http://doi.org/10.1038/nsmb.2348
http://doi.org/10.1126/science.aaw3242
http://doi.org/10.1074/jbc.M114.619502
http://doi.org/10.1038/s41589-022-01098-0
http://doi.org/10.1021/acschembio.8b00722
http://doi.org/10.1016/j.tetlet.2021.153248
http://doi.org/10.1016/j.ejmech.2011.01.010
http://doi.org/10.1038/nsmb.2849
http://doi.org/10.1021/acs.jmedchem.2c00283
http://doi.org/10.1016/j.jaci.2018.07.022
http://doi.org/10.1126/science.6177045
http://doi.org/10.1038/sj.leu.2401608
http://www.ncbi.nlm.nih.gov/pubmed/10637490
http://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://doi.org/10.1016/S0076-6879(97)76066-X
http://www.ncbi.nlm.nih.gov/pubmed/27754618

Pharmaceuticals 2023, 16, 75 17 of 17

35. Winter, G.; Lobley, C.M.C.; Prince, S.M. Decision Making in Xia2. Acta Crystallogr. D Biol. Crystallogr. 2013, 69, 1260-1273.
[CrossRef]

36. Evans, PR. An Introduction to Data Reduction: Space-Group Determination, Scaling and Intensity Statistics. Acta Crystallogr. D
Biol. Crystallogr. 2011, 67, 282-292. [CrossRef]

37. Murshudov, G.N.; Skubak, P; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F; Vagin, A.A.
REFMACS for the Refinement of Macromolecular Crystal Structures. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 355-367.
[CrossRef]

38. Afonine, PV.;; Grosse-Kunstleve, R.W.; Echols, N.; Headd, ].J.; Moriarty, N.W.; Mustyakimov, M.; Terwilliger, T.C.; Urzhumtsev, A;
Zwart, PH.; Adams, P.D. Towards Automated Crystallographic Structure Refinement with Phenix.Refine. Acta Crystallogr. D Biol.
Crystallogr. 2012, 68, 352-367. [CrossRef]

39. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and Development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66,
486-501. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1107/S0907444913015308
http://doi.org/10.1107/S090744491003982X
http://doi.org/10.1107/S0907444911001314
http://doi.org/10.1107/S0907444912001308
http://doi.org/10.1107/S0907444910007493

	Introduction 
	Results 
	Small-Scale Pilot Screen Compared TSA and FP as Screening Methods 
	Summary of the Screens 
	Primary Hit Follow-Up 
	JH2 and JH1 Domain Targeting of Selected Hit Analogs 
	JAK Selectivity and Inhibition of MPN Cell Lines of Selected Binders 
	Protein-Ligand Crystallization 

	Discussion 
	Materials and Methods 
	Cloning, Production and Purification of Proteins Used in This Study 
	Screening 
	Compounds 
	FP Binding Assay 
	Cell Lines and Cell Viability Assay 
	Protein Crystallography 

	Conclusions 
	References

