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a b s t r a c t 

JAK2 transmits signals of several important cytokines, such as growth hormone and erythropoietin. The inter- 

est toward the therapeutic targeting of JAK2 was boosted in 2005, when the somatic JAK2 V617F mutation, 

responsible for the majority of myeloproliferative neoplasms (MPNs) was discovered. JAK2 inhibitors have been 

approved for MPN therapy and they are effective in alleviating symptoms and improving the quality of life of 

the patients, but they do not lead to molecular remission. This calls for the discovery of new compounds for 

JAK2-targeted therapeutic approaches. Here we describe the development of a fluorescence-based activity assay 

for the screening of versatile inhibitor types against JAK2. The assay was utilized to screen a diverse set of small 

molecule weight natural products and the assay performance was compared to that of differential scanning fluo- 

rimetry. We identified 37 hits and further analysis of the most potent hits revealed that most of them displayed 

non-ATP competitive binding modes. The hits were profiled against other JAK family members and showed dis- 

tinctive selectivity profiles. The developed assay is consistent, simple and inexpensive to use, and can be utilized 

for inhibitor screening of diverse compound classes against all JAK family members. 
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Protein phosphorylation is a post-translational modification that reg-

lates a variety of cellular functions. Thus, it is not surprising that pro-

ein kinases form one of the largest protein families corresponding to

pproximately 2% of human genes [1] . Deregulation of kinase activ-

ty via mutations, deletions, chromosomal translocations or changes in

xpression levels is tightly linked to several diseases, including cancer

nd immunological disorders [ 2 , 3 ]. Since the approval of the first ki-

ase inhibitors Fasudil (1995 in Japan and China) and Imatinib (2001

n USA) more than 70 kinase inhibitors have been approved for clin-

cal use [4] . The success of kinase inhibitors in various therapeutic

reas have made them one of the most prevalent targets for drug

evelopment. 

Janus kinases (JAKs) are non-receptor tyrosine kinases controlling

nd regulating development, as well as immune and hematopoietic sig-

aling [5–7] . In mammals, the JAK family includes JAK1-3 and TYK2

Tyrosine kinase 2) that are characterized by a unique tandem kinase

omain structure; a regulatory pseudokinase domain (JH2), followed

y a typical tyrosine kinase domain (JH1). FERM-SH2 domains in the

-terminus link JAKs to their cognate cytokine receptors, which have no

ntrinsic catalytic activity. Cytokine binding to their cognate receptors
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nduces JAK activation, which initiates a signaling cascade leading to an

ctive receptor-JAK signaling complex [8] . Subsequent phosphorylation

vents of JAKs, the receptor, and STAT transcription factors lead to the

ranslocation of active STAT dimers to the nucleus and transcription of

arget genes. 

After the discovery of the hyperactive JAK2 JH2 domain mutation

V617F), the driver of most myeloproliferative neoplasms (MPNs), nu-

erous mutations in JAK2 have been linked to malignant diseases, in-

luding acute myeloid, lymphoblastic, and megakaryoblastic leukemias

9–12] . This has led to several drug discovery efforts against JAK2 and

o significant advances in the therapeutic field: JAK inhibitors ruxoli-

inib (Jakavi), fedratinib (Inrebic), and pacritinib (Vonjo) have been ap-

roved for the treatment of MPNs, and several other JAK inhibitors for

utoimmune diseases [13] . Despite their clinical efficacy in relieving

ymptoms and improving blood counts, JAK2 inhibitors have limited

isease-modifying properties or impact on the molecular pathogenesis

f MPNs. MPN cells can acquire adaptive resistance against type I JAK2

nhibitors via heterodimerization and transactivation by JAK1 and TYK2

ecreasing the effect of JAK2 inhibitors [14] . Type II inhibitors, which

tabilize JAK2 in an inactive form attenuate JAK2 transphosphorylation

n the heterodimers, and have been shown to decrease mutant allele bur-

en in mice [15] . Compounds that not only function as ATP-competitors
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ut also have allosteric effects might therefore provide better clinical re-

ponses than canonical type I inhibitors. 

The developed JAK2 screening assays [ 16 , 17 ] are cell-based assays

nd/or utilize expensive reagents and can be difficult to adapt for a high-

hroughput setting, especially without a high cost. We adapted and op-

imized an activity-based enzyme-coupled fluorescence intensity kinase

nhibitor screening assay for JAK2 [18] . The optimized assay was used

o screen a natural product library against the JAK2 kinase domain, and

he assay performance was compared to differential scanning fluorime-

ry (DSF). The binding modes of the hit molecules were examined with

uorescence polarization (FP) tracer displacement assay, which detects

ompounds binding to the ATP pocket. Furthermore, the hits were pro-

led for selectivity against other JAK family members. 

aterials and methods 

aterials 

Recombinant glucose-6-phosphate dehydrogenase (G6PDH) from

euconostoc mesenteroides and recombinant diaphorase I from Clostrid-

um kluyveri , poly (Glu, Tyr) substrate, ATP, ADP, glucose, and resazurin

odium salt were purchased from Merck. 𝛽-Nicotinamide adenine din-

cleotide phosphate sodium salt hydrate (NADP + ) was purchased from

hermo Fischer Scientific. 

rotein expression and purification 

Codon optimized Thermococcus litoralis ADP-hexokinase with an N-

erminal 6xHis-tag in pET-19b vector (Genscript) was expressed in Es-

herichia coli Rosetta 2 (DE3) cells. The cells were grown in Terrific

roth autoinduction media (Formedium) supplemented with 30 μg/ml

anamycin and 30 μg/ml chloramphenicol at 37°C until OD600 reached

, after which the temperature was lowered to 18°C for protein expres-

ion (16 h). The cells were collected by centrifugation and suspended in

ysis buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10% glycerol, 0.5

M TCEP, 20 mM imidazole). Cell lysates were supplemented with 9000

/ml of lysozyme, 20 μg/ml of DnaseI, 5 mM MgCl 2 and 0.5 mM PMSF

nd lysed by five freeze-thaw cycles in liquid nitrogen. After centrifu-

ation at 30 000 x g at 4°C for 50 min, the supernatant was incubated

ith Ni-NTA (Protino Ni-NTA agarose, Macherey-Nagel) sepharose at

°C for 1 hour. The resin was loaded onto a gravity-flow column and

ashed with 50 ml of lysis buffer. The proteins were eluted with lysis

uffer containing 250 mM imidazole. The proteins were further purified

y gel filtration using the Superdex 75 16/600 (Cytiva) column equili-

rated with 20 mM Tris-HCl pH 8.5, 300 mM NaCl, 0.5 mM TCEP and

0% glycerol. The purified protein was aliquoted and frozen in liquid

itrogen and stored at -70°C. 

Human JAK2 (840-1132) was cloned in pFB-LIC-Bse vector (pFB-

IC-Bse was a gift from Opher Gileadi, Addgene plasmid # 26108)

19] with an N-terminal 6xHis-tag and protein expression was done us-

ng baculovirus system in High Five TM cells. The cells were collected

y centrifugation and suspended in lysis buffer (50 mM Tris-HCl pH

.0, 500 mM NaCl, 10 % glycerol, 0.5 mM TCEP, 20 mM imidazole)

upplemented with 20 μg/ml of DnaseI, 5 mM MgCl 2 and 0.5 mM

MSF, and lysed by three freeze-thaw cycles. Protein was purified as

escribed above using 20 mM Tris-HCl pH 8.5, 300 mM NaCl, 10% glyc-

rol, 0.5 mM TCEP as the gel filtration buffer. 

Human JAK1 (866-1154), JAK3 (811-1124), and TYK2 (886-1187)

ith a C-terminal 6xHis-tag were cloned in pFB1-vector and expressed

n High Five TM (TYK2) or Sf9 (JAK1, JAK3) cells. Cells were collected by

entrifugation, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 500

M NaCl, 10 % glycerol, 20 mM imidazole, 1 mM sodium vanadate, 1

M PMSF, 1 μg/ml Pepstatin A, 1 μg/ml Leupeptin, 5 U/ml benzonase

nd 5 mM MgCl 2 ), and lysed either by two freeze-thaw cycles (JAK3)

r by incubating in lysis buffer supplemented with 1 % Triton X-100,

or 1 h on ice (JAK1, TYK2). Recombinant proteins were purified using
181 
i-NTA-affinity and size exclusion chromatography as described earlier

20] in buffer containing 20 mM Tris-HCl pH 8.0 (JAK3) or 50 mM Tris-

Cl pH 8.5 (JAK1, TYK2), 300 mM NaCl (JAK3) or 500 mM NaCl (JAK1,

YK2), 10 % glycerol, and 0.5 mM TCEP. 

nzyme-coupled JAK-activity assay 

Kinase reactions were carried out in black 384-well plates

Proxiplate TM -384 F Plus, PerkinElmer) in a total volume of 5 μl. The

eactions consisted of 20 nM JAK2 kinase, 0.2 mg/ml Poly (Glu, Tyr)

ubstrate and 100 μM ATP in optimized assay buffer (100 mM Tris-HCl

H 7.5, 5 mM MgCl 2 , 0.01% Tween-20, 0.01% BSA). The plate was in-

ubated at room temperature with shaking at 300 rpm using PST-60 HL

lus Thermo Shaker (Biosan) for 2 hours. ADP produced in the kinase

eaction was detected by the addition of 5 μl of the optimized ADP de-

ection solution (2 mM glucose, 200 μM NADP + , 100 μM resazurin, 1

M ADP-hexokinase, 0.02 U/ml G6PDH, and 0.02 U/ml diaphorase in

00 mM Tris-HCl pH 7.5). The fluorescence was measured with excita-

ion at 540 nm and emission at 590 nm after 1 hour of incubation (with

haking as above) with the Tecan Spark plate reader. 

nhibitor screening 

The inhibitor screening was conducted with the JAK2 activity as-

ay using NIH Natural Products Set V from the chemical repository of

he National Cancer Institute (NCI). Altogether, 391 compounds were

creened at two concentrations. The kinase reaction was prepared by

ispensing 1 μl of compound (final concentration 100 and 10 μM, DMSO

oncentration 1 and 0.1%, respectively) in each well, followed by 2 μl

f the ATP-substrate mix (100 μM and 0.2 mg/ml respectively) and 2 μl

f JAK2 (20 nM). The samples were incubated for 2 hours, after which

 μl of ADP detection solution was added to each well. The fluorescence

ntensity was measured after 1 hour. Each plate included control wells

ith JAK2 inhibitor pacritinib and wells without JAK2 as positive con-

rols, and control wells without inhibitor and wells containing 100 μM

DP as negative controls. 

otency measurements 

Dose–response measurements were done in triplicates from 100 μM

o 10 nM using half-logarithmic dilutions of the compounds. Compounds

1 μl) were transferred to the assay plates, followed by the addition of

 μl of ATP-substrate mix (final concentrations 100 μM and 0.2 mg/ml,

espectively). The reaction was initiated by the addition of 2 μl of JAK2

final concentration 10 nM). After 2 hours of incubation, 5 μl of ADP

etection solution was added. The plates were incubated for 1 hour

t room temperature before fluorescence intensity measurements. The

ose-response curves were fitted with the nonlinear regression analy-

is, dose-response fitting with variable slope (four-parameters), using

raphPad Prism version 9.0.0. 

ifferential scanning fluorimetry 

DSF screening was performed with a final protein concentration of

 𝜇M and an inhibitor concentration of 100 𝜇M in duplicates in clear

84-well PCR plates (Hard-Shell, Bio-Rad). SYPRO Orange (Life Tech-

ologies) was used as the reporter dye with a final concentration of 6x.

he samples were prepared by mixing 1 μl of the compound with 4 μl

f SYPRO Orange and JAK2 solution in DSF buffer (10 mM Tris-HCl pH

.0, 500 mM NaCl). The experiment was performed on a real-time PCR

achine (Bio-Rad CFX) with the temperature increasing from 4°C up

o 80°C with a 1°C increment per minute. The melting curves were an-

lyzed using SimpleDSFviewer [21] . The melting temperature change

 ΔT m 

) values were obtained by subtracting the T m 

value of DMSO con-

rol from the reaction T values. 
m 
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Fig. 1. JAK2 assay development. a) Principle of the enzyme-coupled assay. b) Assay signal dependency on JAK2 concentration. c) The effect of the substrate 

concentration to the assay signal. d) DMSO tolerance of the assay. e) JAK2 inhibition by ruxolitinib from two independent measurements. pIC 50 ± SEM = 8.4 ± 0.06 

(IC 50 = 3.9 nM). Kinase reaction time was 2 hours and ADP detection time 1 hour prior to fluorescence signal reading with the plate reader. 
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luorescence polarization assay 

Fluorescence polarization was measured in 384-well black

olystyrene plates (Proxiplate TM -384 F Plus, PerkinElmer) in a fi-

al volume of 5 μl. The reaction was carried out in 20 mM Tris-HCl

H 8.0, 150 mM NaCl, 20% glycerol, 0.01% Brij-35, 2 mM DTT with

.5 nM of JAK2 JH2 tracer (HY-102055, MedChemExpress) and 30

M JAK2. For potency measurements, half-logarithmic dilutions of

he compounds were prepared, with final concentrations ranging from

00 μM to 10 nM. The triplicate samples were done by mixing 1 μl of

he compound dilution with 2 μl of tracer (1.5 nM) and 2 μl of JAK2

30 nM). Fluorescence polarization was measured on a PerkinElmer

nvision plate reader with FITC FP filters (excitation 480 nm, emission

35 nm). The data were fitted with the nonlinear regression analysis,

ose-response fitting with variable slope (four-parameters), using

raphPad Prism version 9.0.0. 

esults 

ssay development for JAK2 

To facilitate drug discovery against JAK2, we sought to develop a

imple, affordable, and robust activity-based screening assay for JAK2.

o this end, we adapted a general kinase screening assay [18] for JAK2.

he assay works by utilizing the universal product of kinase reactions,

DP, to produce red-shifted fluorescence emission from resorufin via an

nzyme-coupled reaction cascade ( Fig. 1 a). We optimized all assay com-

onents and reaction buffers for JAK2 activity detection. First, the ADP

etection solution buffer and enzyme concentrations of the coupling re-

ction were optimized. Optimization of buffers and pH values revealed

EPES pH 7.0 as the optimal buffer for the ADP detection solution. As
182 
o major differences in pH were observed between the different buffers,

e decided to use a buffer corresponding to the physiological pH. Based

n this criterion, Tris-HCl pH 7.5 yielded a better signal than HEPES pH

.5 (Supplementary Fig. 1a). After this step, many different additives

ere tested in Tris-HCl pH 7.5. The tested additives did not have a pos-

tive effect on the signal-to-background value of the detection solution,

xcept MgCl 2 , which is required by the ADP-hexokinase (Supplemen-

ary Fig. 1b). However, even this additive was omitted from the final

uffer as MgCl 2 carryover from the kinase reaction buffer was sufficient

or ADP-hexokinase activity. 

Following the buffer optimization, the concentrations of the enzymes

n the coupling reaction of the ADP detection solution were optimized.

he concentration of the first enzyme of the reaction, ADP-hexokinase,

as set to 1 μM as this gave a good signal-to-background ratio with

ow enzyme consumption (Supplementary Fig. 1c). The concentrations

f glucose-6-phosphodehydrogenase and diaphorase were optimized to-

ether as they perform a codependent reaction cycle. The concentration

f 0.02 U/ml was selected for both enzymes based on a good signal-to-

ackground value and reasonable enzyme consumption (Supplementary

ig. 1d). To ensure the linearity of ADP conversion to the final fluores-

ent product, an ADP standard curve was measured, showing excellent

inearity at three timepoints (R 

2 : 0.95, 0.99 and 0.99) within the assay

ange (Supplementary Fig. 1e). 

Next, we optimized the assay buffer for the kinase reaction. Several

omponents and their concentrations in the reaction buffer known to

ffect kinase activity were tested. The optimized reaction buffer con-

isted of 5 mM MgCl 2 , 0.01% Tween-20 and 0.01% BSA in Tris-HCl pH

.5. Tris-HCl pH 8.0 gave a slightly better signal than pH 7.5 but we

ecided to use the physiological pH in the assay (Supplementary Fig.

a,c). After buffer optimization, the concentrations of the kinase reac-

ion components, JAK2, ATP and the substrate, were optimized sepa-
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Fig. 2. Library screening. a) Screening of the natural product library with the activity assay in singlets at 100 μM and 10 μM compound concentration. Hit limit 

of 50% is shown as a dotted line. Hits from the 100 μM compound screening are represented by solid dots and 10 μM compound screening hits are represented by 

hollow dots. b) Comparative screening with DSF in duplicates at a 100 μM compound concentration. ΔTm ≥ 2 and ΔTm ≤ -2 hit limits are shown as dotted lines. 

Table I 

Assay performance. 

CV-% max 2.89 

CV-% min 3.23 

Z’ 0.87 

S/N 26.58 

S/B 7.42 
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ately. Sufficient signal-to-background was achieved with 20 nM JAK2,

00 μM ATP and 0.2 mg/ml Poly (Glu, Tyr) substrate with the lowest

ossible component consumption ( Fig. 1 b,c, Supplementary Fig. 2b). 

Finally, we tested the DMSO tolerance of the assay and found no

tatistically significant deviations with DMSO concentrations up to 5%

ccording to the one-way ANOVA analysis ( Fig. 1 d). Lastly, we mea-

ured the IC 50 values of approved JAK2 inhibitors, ruxolitinib ( Fig. 1 e)

nd pacritinib (Supplementary Fig. 2d). Ruxolitinib and pacritinib dis-

layed IC 50 values of 3.9 nM and 25.0 nM respectively, similar to the

iterature values of 2.8 nM for ruxolitinib [22] , and 23.0 nM for pacri-

inib [23] . 

The assay performance was tested by measuring the consistency of

he maximal and minimal signals between different wells ( Table I ). 64

aximum signal wells (kinase reaction with 20 nM JAK2, 100 μM ATP

nd 0.2 mg/ml substrate) were prepared alongside 64 minimal signal

ells (kinase reaction without JAK2). The assay had a Z’ value of 0.87

nd a S/B of 7.4 indicating that the assay is robust and of high quality.

creening of natural product library 

Natural products have played an important role in drug discovery in

any diseases, including cancer. Several natural products are also po-

ent tyrosine kinase inhibitors both in vitro and in vivo [24] . Importantly,

atural products offer a vast source of diverse scaffolds and structurally

omplex molecules when compared to synthetic libraries [25] . We val-

dated the assay by screening a structurally diverse set of natural prod-

cts from the National Cancer Institute (NCI) at a 100 μM and 10 μM

oncentration in singlets ( Fig. 2 a). Altogether, 37 hits were identified

hat inhibited JAK2 activity by more than 50% at 100 μM compound

oncentration when compared to the no inhibitor and 10 μM pacritinib

ontrol wells. With 10 μM concentration, 16 hits were identified that in-

ibited JAK2 by more than 50% (Supplementary Table I). Out of these

its, 13 compounds were the same as in the 100 μM screening. Three

ompounds were hits identified only at a 10 μM compound concentra-

ion. 
183 
We selected four most active compounds, producing the low-

st activity-% from the screening, Coprinin ( 1 ), Aquaymycin ( 2 ),

SC169517 ( 3 ), and NSC111041 ( 4 ) for dose-response measurements.

ll the compounds inhibited JAK2 activity with micromolar potencies

 Fig. 3 ). The mean IC 50 values for the triplicate measurements were 2.2

M, 1.2 μM, 1.2 μM and 3.4 μM for 1, 2, 3 , and 4 , respectively ( Table II ).

he compounds were also tested for the inhibition of the detection re-

ction. Two compounds ( 1 and 3 ) inhibited the reaction without the ki-

ase with 10 μM compound concentration (43% and 55% activity with

 and 3 ). However, the inhibition was significantly lower than JAK2

nhibition (4.5% and 3.3% for 1 and 3 at 10 μM as a comparison). Two

ther compounds, 2 and 4 had activities of 92% and 70%, respectively

n the detection reaction (at 10 μM concentration) and therefore did

ot significantly inhibit the reaction. Due to the inhibition of the de-

ection reaction, we tested whether the possible redox reactivity of the

ompounds would explain the detection reaction inhibition. We tested

he inhibition in the presence of ascorbic acid and reduced glutathione

final concentrations 10 μM), but these free radical scavengers did not

ave significant effect on the kinase reaction or detection reaction with

r without the inhibitors (Supplementary Fig. 3). It is possible that com-

ounds 1 and 3 inhibit one or several enzymes in the coupling reaction

lbeit with lower potencies than they inhibit JAK2. 

SF screening 

To compare the activity-based assay to DSF, a commonly used

ethod for kinase inhibitor screening, we used it to screen the same

atural product library. The screening was performed with a 100 μM

ompound concentration in duplicates ( Fig. 2 b). Initially, 49 hits were

dentified, and the screening was repeated for selected compounds (hits

nd compounds producing noninterpretable melting curves) in tripli-

ates. Even after the second DSF analysis, some compounds remained

oninterpretable as the melting curves could not be reliably analyzed.

everal melting curves also required manual inspection as automated

nalysis could not produce a reliable result. Both JAK2 (in assay buffer

ithout DMSO or inhibitor) and the DMSO control had a Tm of 29°C.

nterestingly, two types of compounds were identified in the screening,

nes that decreased and others that increased the melting temperature

f the protein. 16 common hits between the activity assay and DSF were

dentified, i.e. 43% of the hits were identified from both DSF using ΔTm

f 2 as a limit and the activity-based screening (100 μM concentration).

he best hits ( 1 - 4 ) decreased the melting temperature of JAK2, desta-

ilizing the kinase ( Table II ). The comparison of hits with arbitrary hit

imits between the two assays is somewhat artificial but gives an indi-
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Fig. 3. Dose-response analysis of hit compounds. a) Coprinin ( 1 ), b) Aquaymycin ( 2 ), c) NSC169517 ( 3 ), and d) NSC111041 ( 4 ). All compounds were measured three 

times in triplicates. Error bars for single data points are presented as standard deviations. The average hill coefficient and SEM are indicated for each compound. 

Table II 

Summary of JAK2 hit characterization. Compound potencies from the activity as- 

say and fluorescence polarization assay. DSF values are from the library screening 

(DMSO control has a Tm of 29°C). 

Activity assay: pIC 50 ± SEM (IC 50 ) FP: pIC 50 ± STD (IC 50 ) DSF: Tm ± SEM 

1 5.7 ± 0.05 (2.2 μM) NB 20°C ∗ 

2 6.0 ± 0.08 (1.2 μM) NB 21 ± 1.4°C 

3 5.9 ± 0.09 (1.2 μM) NB 24 ± 0.92°C 

4 5.6 ± 0.08 (3.4 μM) 4.7 ± 0.09 (21 μM) 27°C ∗ 

NB: no binding. 
∗ Based on one melting curve from duplicate measurement due to a noninter- 

pretable second melting curve. 

c  

D  

C  

u  

m  

i  

H  

b  

v  

a  

D  

a

B

 

p  

w  

(  

l  

c  

p  

μ  

b  

b  

o  

c  

h  

n

J

 

a  
ation of correlation between the assays. Both the activity assay and the

SF assay identified hits that were not detected with the other method.

ompounds with similar potencies can produce very different ΔTm val-

es leading to difficulties in detecting compounds producing low ther-

al shifts in DSF. Also, several activity assay hits did not produce an

nterpretable melting curve in DSF and thus were not detected as hits.

its that were only detected in DSF but not in the activity assay can

ind e.g. to sites that do not inhibit enzymatic activity, at least in an in

itro setting without the other domains of JAK2. Altogether, the activity

ssay was more robust for inhibitor screening even in singlets, although

SF did identify some compounds which did not show as hits in the

ctivity assay. 

inding site characterization 

To further characterize the possible binding sites of the four hit com-

ounds, we utilized a fluorescence polarization assay for determining
184 
hether the compound binds to the ATP-binding pocket of the protein

 Fig. 4 a, Table II ). The assay utilizes an ATP-competitive kinase inhibitor

inked to a fluorescent probe, and its displacement from the protein indi-

ates that compounds compete with it in binding to the pocket. The com-

ounds were tested in triplicate with concentrations ranging from 100

M to 10 nM. Interestingly, only one of the hits, compound 4 , showed

inding in the FP assay (IC 50 = 21 μM), indicating an ATP-competitive

inding mode. Other hit compounds did not interfere with the binding

f the tracer and based on this preliminary analysis have a non-ATP

ompetitive binding mode. Notably, few non-ATP competitive JAK2 in-

ibitors have been identified to date [26] , but their binding modes have

ot been studied in detail. 

AK2 selectivity of the hits 

To profile the selectivity of the hit compounds in the JAK family

nd to extend the usability of the assay, we measured the inhibition of
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Fig. 4. Binding site and selectivity profiling. a) Fluorescence polarization assay with JAK2 and four hit compounds measured in triplicates (n = 1). Potencies of the 

hit compounds to JAK1 (b), JAK3 (c), and TYK2 (d) with the activity assay measured in triplicates (n = 3). The error bars are presented as standard deviations. Hill 

coefficients for compounds 1-4: JAK1 (1.0, 1.2, 1.1, 0.7), JAK3 (1.3, 1.1, 1.3, 0.7) and TYK2 (1.5, 0.8, 1.9, 0.8). 

Table III 

JAK selectivity analysis. Potencies are measured with the activity assay in trip- 

licates (n = 1) and shown as pIC 50 ± SD (IC 50 ). 

JAK1 (μM) JAK2 (μM) JAK3 (μM) TYK2 (μM) 

1 5.8 ± 0.08 (1.6) 5.7 ± 0.05 (2.2) 5.7 ± 0.06 (2.1) 5.7 ± 0.05 (2.2) 

2 5.7 ± 0.09 (2.1) 6.0 ± 0.08 (1.2) 5.7 ± 0.07 (2.1) 6.2 ± 0.09 (0.68) 

3 5.9 ± 0.08 (1.2) 5.9 ± 0.09 (1.2) 5.9 ± 0.05 (1.3) 5.7 ± 0.03 (1.8) 

4 5.9 ± 0.15 (1.3) 5.6 ± 0.08 (3.4) 6.6 ± 0.09 (0.23) 7.2 ± 0.09 (0.06) 
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i  
he hits using JAK1, JAK3, and TYK2 ( Fig. 4 b-d, Table III ). JAKs share

he same domain structure, and the sequence identities of their kinase

omains to JAK2 are 54%, 58%, and 50%, for JAK1, JAK3, and TYK2

espectively. In addition, residues around their ATP-pockets are highly

onserved. The assay performed well with other JAKs without any fur-

her optimization of reaction buffers or substrate concentrations. Only

AK concentrations were optimized to give a sufficient signal in the as-

ay (JAK1: 100 nM, JAK3: 20 nM, and TYK2: 50 nM). All identified

its inhibited the other JAKs with varying affinities. JAK1 was inhib-

ted by all hits at micromolar concentrations, which were in line with

he JAK2 inhibitory potencies. Also, JAK3 was inhibited to the same

xtent by the compounds, except for 4 , which inhibited JAK3 with a

ubmicromolar potency. TYK2 was clearly the most potently inhibited

amily member by the hits: 1 and 3 had micromolar potencies, while 2

nd 4 displayed submicromolar IC 50 values. Compound 4 was clearly

he most potent TYK2 inhibitor displaying 60 nM potency with 4 to

7-fold selectivity to TYK2 over other JAK family members. Due to its

mall molecular weight (189.17 Da) the compound has a high ligand

fficiency towards TYK2 and could be further used as a TYK2 inhibitor

caffold. 
185 
iscussion 

After the discovery of the somatic pathogenic V617F mutation,

AK2 has emerged as a prime therapeutic target against Philadelphia

egative (Ph-) myeloproliferative neoplasms. JAK2 V617F mutation is

ausative of over 95% of polycythemia vera, 50–70% of essential throm-

ocythemia and 50% of idiopathic myelofibrosis cases [27] . Also, in

PNs caused by MPL and CALR mutations hyperactivation of JAK2 is

he key pathogenic factor. Consequently, several JAK2 inhibitors have

een developed against MPNs, and few have already been approved for

linical use. However, currently approved drugs do not significantly af-

ect the molecular pathogenesis of the disease or decrease the V617F

utant burden of the patients. This highlights the need to develop new

AK2 inhibitors with disease-modifying properties. 

Only a few JAK2 inhibitor screening assays have been described be-

ore. To facilitate inhibitor development against JAK2, we developed an

ctivity-based screening assay based on a previously described general

inase inhibitor screening assay [18] . The assay performs well with a

’ value of 0.87 and a signal-to-background value of 7.4. Due to the

igh DMSO tolerance, the assay is also suitable for the screening of li-

raries requiring high compound concentrations, e.g. small molecule

ragment libraries. We utilized this assay to screen a diverse natural

roduct library and identified several hits inhibiting JAK2 activity by

ore than 50% with a 100 μM compound concentration. The screening

as compared to a commonly used kinase inhibitor screening method,

SF. Many DSF hits were not identified as activity assay hits, as these

ompounds did not lead to the modulation of kinase activity despite

inding to the protein. Similar to DSF, the activity assay can also be

usceptible to false positives in the form of autofluorescent or quench-

ng compounds. The activity assay was overall more robust, consumed
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ess protein, and produced results requiring no manual interpretation.

nother clear advantage of the activity assay compared to DSF is that it

irectly measures a functional outcome. We selected four hits for further

haracterization, and surprisingly, only one of them displayed an ATP-

ompetitive binding mode in an FP-based ligand displacement assay.

ew allosteric JAK inhibitors have been described to date, implying the

sefulness of activity-based assays in identifying allosteric JAK modula-

ors. Non-ATP competitive compounds benefit from having binding sites

utside the highly conserved ATP-pocket of protein kinases thus poten-

ially resulting in higher selectivity. The hits were also profiled against

ther JAK family members. All the identified hits inhibited the other

AKs with micromolar to nanomolar potencies. TYK2 emerged as the

ost potently inhibited family member by the hit compounds. Two com-

ounds, 2 and 4 , had nanomolar potencies with the ATP-competitive

ompound 4 displaying 60 nM potency together with high ligand effi-

iency. 

While compounds 1 and 2 do not have any reported activities

https://pubchem.ncbi.nlm.nih.gov/), 3 and 4 have been identified as

its in reported screens. Compound 3 has few reported activities, such as

icromolar activity against polo-like kinase 1 polo-box domain. Com-

ound 4 , in turn, has previously been identified having activity against

yrosyl-DNA phosphodiesterase 2 [28] . All the identified hits contain

uinone or quinone-like ring system, which can function as a Michael’s

cceptor and is often associated with poor solubility [29] . As such they

re not suitable for direct medicinal chemistry optimization but the al-

osteric binding modes of the three compounds invite further character-

zation to determine their exact inhibitory mechanisms. This could lead

o the identification of novel druggable pockets within the JAK family.

ltogether, the screening of the natural products library resulted in a

ery high hit rate (9.5% and 4.1% for 100 μM and 10 μM concentra-

ions, respectively) indicating a promiscuous nature of the compounds

n the library. Due to this promiscuity and the presence of redox active

ompounds in the library, care should be taken when utilizing this assay

or screening of natural products. 

In conclusion, we have developed an activity-based assay that facil-

tates the screening of ATP-competitive and allosteric JAK2 inhibitors

n a simple, homogenous format. The assay utilizes inexpensive com-

ercially available reagents and materials and can be utilized to screen

ven large inhibitor libraries with a modest cost. In addition, the same

ssay can be utilized for other family members, JAK1, JAK3, and TYK2,

llowing convenient and fast inhibitor selectivity profiling. 
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