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Background: Janus kinase 3 (Jak3) inhibitors hold promise for treatment of autoimmunity, but developing selective inhib-
itors is challenging.
Results: We designed Jak3 inhibitors that avoid inhibition of the other JAKs.
Conclusion: Our inhibitors possess high selectivity against other kinases and can potently inhibit Jak3 activity in cell-based
assays.
Significance: This class of irreversible inhibitors may be useful as selective agents of Jak3 inhibition.

The action of Janus kinases (JAKs) is required for multiple
cytokine signaling pathways, and as such, JAK inhibitors hold
promise for treatment of autoimmune disorders, including
rheumatoid arthritis, inflammatory bowel disease, and psori-
asis. However, due to high similarity in the active sites of the
four members (Jak1, Jak2, Jak3, and Tyk2), developing selec-
tive inhibitors within this family is challenging. We have
designed and characterized substituted, tricyclic Jak3 inhib-
itors that selectively avoid inhibition of the other JAKs. This
is accomplished through a covalent interaction between an
inhibitor containing a terminal electrophile and an active site
cysteine (Cys-909). We found that these ATP competitive
compounds are irreversible inhibitors of Jak3 enzyme activity
in vitro. They possess high selectivity against other kinases
and can potently (IC50 < 100 nM) inhibit Jak3 activity in cell-
based assays. These results suggest irreversible inhibitors of
this class may be useful selective agents, both as tools to probe
Jak3 biology and potentially as therapies for autoimmune
diseases.

Due to their widespread role in cytokine signaling, the action
of Janus kinases (JAKs) is central to regulating the immune
system (1–3). These non-receptor tyrosine kinases serve as crit-

ical intracellular enzymatic activators for diverse and important
cytokines and signaling hormones, including IL-2, IL-4, IL-6,
IL-7, IL-12, IL-13, IFN-�, IFN-�, EPO, and GM-CSF (4, 5). In
these pathways, the tyrosine kinase activity of JAKs is required
to phosphorylate receptor chains in order to recruit and ulti-
mately phosphorylate signal transducers and activators of tran-
scription (STAT) molecules (2, 6).

The broad strokes of JAK-STAT signaling have been known
for some time, and potential therapeutic intervention using
JAK small molecule inhibitors has been suggested since those
early experiments (7–10). However, only recently have JAK
inhibitors been described with sufficient selectivity against
other protein kinases and adequate druglike properties to
enable clinical trials (11–13). Although initial studies with JAK
inhibitors were aimed at preventing solid organ transplant
rejection (13, 14), Pfizer, Incyte, Galapagos, Vertex, and AbbVie
have advanced Jak inhibitors to clinical trials for chronic
autoimmune diseases, such as rheumatoid arthritis (15). In
2012, Pfizer’s tofacitinib (CP-690,550; a Jak1/Jak2/Jak3
inhibitor) was granted Food and Drug Administration
approval to treat rheumatoid arthritis (16, 17). However, the
long term consequences of inhibiting multiple JAKs are not
completely understood (18, 19); nor is the relative contribu-
tion of specific JAK isoforms to the overall efficacy seen with
pan-JAK inhibitors understood.

Given the diverse roles for JAKs in the immune system and in
hematopoiesis, a remaining challenge lies in creating drug mol-
ecules with specificity within the JAK family. The four JAKs
(Jak1, Jak2, Jak3, and Tyk2) have very similar domain struc-
tures. These enzymes contain FERM, Src homology 2, pseu-
dokinase, and catalytic tyrosine kinase domains from their N to
C termini, respectively. Moreover, despite only 50 – 60% iden-
tity over the entire kinase domain, the JAKs share very high
sequence identity in their enzyme active sites. For example,
Jak3 shares �84% of the residues in its active site with Jak1,
�87% with Jak2, and �80% with Tyk2. This high conserva-
tion makes targeting a specific JAK with traditional ATP-
competitive inhibitors difficult (Fig. 1). Indeed, numerous
pan-JAK inhibitor compounds have been described (12,
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20 –24), and structural analyses of inhibitors in Jak1, Jak2,
and Tyk2 highlight the difficulty in obtaining strong selec-
tivity within the family (25–28). In addition to potential drug
molecules, inhibitors targeting specific members of the JAK
family could be useful as chemical biology tools to under-
stand the molecular and physiological function of particular
JAKs.

In this report, we present biochemical and cellular analy-
ses of several novel tricycle-based inhibitors that are highly
selective for Jak3 and compare them with several previously
reported JAK inhibitors (Fig. 2). One of the few differences in
the JAK active sites is a unique cysteine residue in Jak3 (Cys-
909 in the human sequence). We exploited this difference by
targeting Cys-909 with covalent inhibitors. Only 10 other
protein kinases, including EGFR and BTK, carry a thiol at
this position in the ATP-binding site and can be inhibited by
a similar mechanism (Fig. 1) (29 –31). Through enzyme anal-
ysis and mass spectrometry, we show that such covalent
inhibitors irreversibly bind Jak3, leading to exquisite kinome
selectivity. Furthermore, these compounds can specifically
modulate responses driven by Jak3, but not Jak1 or Jak2, in
cell-based assays. As such, we demonstrate that this mecha-
nism of inhibition can lead to Jak3-selective tools, a profile
that has proven difficult to obtain by other means. Our work
suggests that this approach provides a potential means to
target the role of Jak3 in autoimmunity and other disorders.

EXPERIMENTAL PROCEDURES

Jak3 Protein Production for X-ray Crystallography—Recom-
binant human Jak3(811–1103) C1040S/C1048S/D949A was
expressed in SF9 cells as an N-terminal glutathione S-trans-
ferase fusion followed by a thrombin cleavage site. Insect
cells were harvested after 72 h of growth postinfection. Sur-
face cysteine mutants were introduced to decrease the DTT
concentration necessary to minimize non-native disulfide
formation at high protein concentration. The kinase-dead
mutation (D949A) allowed for improved protein homogeneity
and increased expression levels. Cell paste from 10 liters of cul-
ture (stored frozen at �80 °C) was thawed and resuspended in
1� TBS, 0.05% Tween 20, 250 mM NaCl, 10 mM DTT, 10%
glycerol, 1 mM EDTA, 1 protease inhibitor tablet (Roche
Applied Science, catalog no. 11873580001), and 10 �M Com-
pound 4. The sample was sonicated with six 30-s pulses and
centrifuged for 1 h using an SS-34 rotor at 17,000 rpm. The
resulting supernatant was bound to GST affinity resin (GE
Healthcare) at 4 °C. Thrombin was added to the slurry in the
presence of 2.5 mM CaCl2 overnight at 4 °C. The resin was
subsequently washed with 1� TBS, 250 mM NaCl, 10% glyc-
erol, 1 mM EDTA, 10 mM DTT, and 10 �M Compound 4 until
thrombin-cleaved Jak3 was eluted. Pooled Jak3 was concen-
trated and further purified over an SEC Superdex 75 column
(GE Healthcare) running in 20 mM Tris, pH 8.0, 250 mM

NaCl, 10 mM DTT, 10% glycerol, and 10 �M Compound 4.
Jak3-Compound 4 complex eluted at a corresponding
molecular mass of �35,000 Da. Fractions containing Jak3
were pooled, concentrated to 10 mg/ml, and frozen at
�80 °C. The Jak3 C1040S/C1048S/D949A was characterized

by mass spectrometry and found to be unphosphorylated
with one molecule of Compound 4 covalently attached. This
sample was subsequently used in crystallographic experi-
ments described below.

Kinase Inhibition Assays—Wild-type Jak3 enzyme (amino
acids 811–1103; expressed in SF9 cells with an N-terminal glu-
tathione S-transferase (GST) tag) was purified by the same
method as described above for the inactive C1040S/C1048S/
D949A construct, except in the presence of a higher DTT con-
centration (40 mM). This enzyme (typically at concentrations of
2 nM) was mixed with 2 �M peptide substrate (biotin-TYR2;

FIGURE 1. Sequence conservation of human Janus kinase active sites and
other kinases carrying a reactive thiol analogous to Cys-909 of Jak3. Posi-
tions listed above are shown on the crystal structure of Jak3 in yellow. Cys-909
is highlighted in red.
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sequence, Biotin-(Ahx)2-AEEEYFFLFA-amide) and 1 �M ATP
(unless stated otherwise) at varying concentrations of inhibitor
in reaction buffer: 50 mM MOPSO, pH 6.5, 10 mM MgCl2, 2 mM

MnCl2, 2.5 mM DTT, 0.01% BSA, and 0.1 mM Na3VO4. After a
60-min incubation at room temperature, the reaction was
quenched by the addition of EDTA (final concentration 100
�M) and developed by the addition of revelation reagents (final
approximate concentrations: 30 mM HEPES, pH 7.0, 0.06%
BSA, 0.006% Tween 20, 0.24 M KF, 80 ng/ml PT66K (europium-
labeled anti-phosphotyrosine antibody, catalog no. 61T66KLB,
Cisbio, Bedford, MA), and 3.12 �g/ml SAXL (Phycolink
streptavidin-allophycocyanin acceptor, catalog no. PJ25S,
Prozyme, San Leandro, CA)). The developed reaction was incu-
bated in the dark either at 4 °C overnight or at room tempera-
ture for �1 h and then read via a time-resolved fluorescence
detector (Rubystar, BMG Labtech) using a 337-nm laser for
excitation and emission wavelengths of 620 and 665 nm.
Within the assay’s linear range, acceptor fluorescence at 665
nm is directly related to phosphorylated product and used to
calculate IC50 values. Typically, seven-point dilutions (5-fold;
from 50 to 0.0032 �M) were used. IC50 value were calculated by
fitting the following equation,

Y � Ymax � IC50/�IC50 � �I�� (Eq. 1)

where [I] is total inhibitor concentration, Y is the percentage of
activity (relative to that seen in no inhibitor control) at a
given inhibitor concentration, and Ymax is the maximum
activity generated in the absence of inhibitor. We estimated
the precision of the Jak3 assay by calculating an intrarun
minimum significant ratio (32, 33) of �3. Purified Jak2 was
purchased from Upstate/Millipore (catalog no. 14-640).
Tyk2(880 –1185) and Jak1(845–1142), both expressed in SF9
cells and purified in-house, were used in homogeneous time-
resolved fluorescence kinase assays in the reaction buffer
described above. Jak1 used substrate peptide biotin-TYR2,
whereas Jak2 and Tyk2 used biotin-TYR1 (sequence,
Biotin-(Ahx)-GAEEEIYAAFFA-COOH).

Jak3 Reversibility Experiments—To assess reversibility of
inhibitor binding to Jak3, compounds were mixed with Jak3
(with or without 1� ATP) in assay buffer. Compounds were
added at �5� Jak3 starting concentration. Starting inhibitor
concentrations at �IC90 were based on previous IC50 data gen-
erated by a similar reaction following a 30-min preincubation of
enzyme and compound with or without ATP (IC90 �10� IC50).
The samples were preincubated at room temperature for 30
min, followed by 400� dilution to reaction buffer in order to
shift the equilibrium of inhibitor binding. Specifically, Com-

pounds 1 and 4 were preincubated at 2 �M concentrations with
0.32 �M Jak3 in the absence of ATP and diluted 400-fold, where
kinase reactions in 1 �M ATP were performed. Compounds 3
and 6 were preincubated at 2.8 and 15.2 �M concentrations,
respectively with 0.32 �M Jak3 plus 10 �M ATP and diluted
400-fold, where kinase reactions in 10 �M ATP were per-
formed. Jak3 kinase reactions were initiated using the assay
conditions described above.

Jak3 Binding Kinetic Studies—Inhibitor association with Jak3
was determined by the loss of trFRET signal upon displacement
of a fluorescent, reversible, active site probe labeled with
Oregon Green-488 (2	,7	-difluoro-3	,6	-dihydroxy-3-oxo-N-(3-(3-
(((6-oxo-4-(1H-pyrrolo[2,3-b]pyridin-3-yl)-1,6-dihydropyrimi-
din-2-yl)amino)methyl)phenoxy)propyl)-3H-spiro[isobenzo-
furan-1,9	-xanthene]-5-carboxamide). This probe was determined
to bind to our Jak2 construct with Kd 
 180 nM (data not
shown). GST-Jak3 (Invitrogen, catalog no. PV3855) was pre-
mixed with terbium chelate-labeled anti-GST antibody (Invit-
rogen, catalog no. PV3550) in 50 mM HEPES, pH 7.5, 10 mM

MgCl2, 1 mM EGTA, and 0.01% Brij-35. Inhibitor was then
added to the preformed Jak3-probe complex, and the decay of
trFRET signal was measured on an Envision plate reader with
excitation at 490 nm and emission at 520 nm at 2-min intervals
for 1 h. Final concentrations were 1 nM GST-JAK3, 2 nM ter-
bium anti-GST antibody, 200 nM labeled probe, and inhibitor
concentrations of 0.00064, 0.0032, 0.016, 0.08, 0.4, 2, or 10 �M

in a total volume of 40 �l. trFRET curves describing the disap-
pearance of Jak3-probe complex were fit to a single exponential
decay to determine kobs and the change in signal �trFRETtot at
each inhibitor concentration.

There are two relevant binding mechanisms for analysis of
kobs and the change in amplitude. Mechanism 1 describes one-
step reversible binding,

Jak3 � I7
k1

k2

Jak3-I

Mechanism 1

where Jak3-I is the enzyme-inhibitor complex, and k1 and k2 are
the rate constants for compound association and dissociation,
respectively. In Mechanism 1, the observed rate at which Jak3-I
is formed at any inhibitor concentration is described by the
following.

kobs � k1�I� � k2 (Eq. 2)

From a plot of kobs versus [I], k1 is determined from the slope,
and k2 is determined from the y intercept. Here, the binding
amplitude is a function of the inhibitor concentration and its
affinity.

�trFRET 

�trFRETtot�I�

Ki � �I� (Eq. 3)

For the sake of clarity, contributions of trFRET probe affinity
and concentration to Equation 3 have been omitted. Although
these are important for determining the absolute affinity of
compounds, they are not important for the qualitative interpre-

2 The abbreviations used are: Ahx, aminohexanoic acid; BLK, B lymphocyte
kinase; BMX, bone marrow tyrosine kinase gene on chromosome X (also
known as ETK); BTK, Bruton’s tyrosine kinase; EGFR, epidermal growth fac-
tor receptor; FERM, four-point-one, ezrin, radixin, moesin; HER2, human
epidermal growth factor receptor 2 (also known as ErbB2); HER4, human
epidermal growth factor receptor 4 (also known as ErbB4); ITK, IL-2-induc-
ible T-cell kinase; MAP2K7, mitogen-activated protein kinase kinase 7; RLK,
resting lymphocyte kinase (also known as Txk); TEC, tyrosine kinase
expressed in hematopoietic carcinoma; trFRET, time-resolved fluores-
cence resonance energy transfer; MOPSO, 3-morpholino-2-hydroxypro-
panesulfonic acid sodium salt; pSTAT, phosphorylated STAT; BisTris, bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane; EPO, erythropoietin.
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tations made to distinguish Mechanism 1 from Mechanism 2,
below.

In the case of irreversible inhibitors, formation of a covalent
enzyme-inhibitor complex occurs subsequent to binding as
given by Mechanism 2,

Jak3 � I7
k1

k2

Jak3-I7
k3

k4

Jak3-I*

Mechanism 2

in which Jak3-I* is the covalent complex. Writing the rate equa-
tion for the disappearance of unbound Jak3 in Mechanism 2
and subsequent integration provides the following solution for
kobs.

kobs �
k1�k3 � k4�

k2 � k3 � k4
�I� �

k2k4

k2 � k3 � k4
(Eq. 4)

When the covalent complex is irreversible, k4 is zero, and kobs
simplifies to the following.

kobs �
k1k3

k2 � k3
�I� (Eq. 5)

Equations 4 and 5 both predict kobs to be a linear function of [I]
but are distinguished by Equation 5 having no y intercept.
When Equation 5 is operative, the slope term k1k3/(k2 � k3) is
equivalent to kinact/KI, in which kinact 
 k3 and (k2 � k3)/k1 is KI
(which is distinct from Ki 
 k2/k1 for Mechanism 1). The term
kinact/KI is commonly used to rank-order covalent inhibitors
because it removes incubation time as a variable, unlike IC50
measurements. Note that binding progress curves for irrevers-
ible inhibitors obtain complete conversion to inhibitor-bound
enzyme in cases where [I] � [Jak3]. This feature distinguishes
Mechanism 2 from Mechanism 1, where the extent of binding is
sensitive to [I], as dictated by Equation 3. The concentration
dependence of kobs provides an apparent second-order rate
constant regardless of whether Mechanism 1 or 2 is operative.
Its interpretation as k1 or as kinact/KI, respectively, can be dis-
tinguished kinetically by how the amplitude changes with con-
centration. This distinction is important because optimization
of reversible inhibitors is through potency, typically driven by
improvements in dissociation (k2) alone, whereas optimization
of irreversible inhibitors is through kinact/KI, which drives speed
of interaction.

Cys Kinome Profiling—The 10 other protein kinases contain-
ing a cysteine in the residue analogous to Cys-909 in Jak3 were
tested in a dedicated panel, without compound preincubation,
under the same experimental conditions described for the Jak3
assay with the exception that ATP concentration was main-
tained near its Km for each enzyme: BLK, EGFR, ErbB2, ErbB4,
and Itk at 1 �M ATP; BTK, ITK, and MAP2K7 at 10 �M ATP;
ETK and TEC at 100 �M ATP.

Kinome Profiling—trFRET-based binding displacement
studies using active site probes were used to assess kinome
selectivity of inhibitor molecules. The concentrations of com-
ponents for each purified kinase were based on optimized con-
ditions with ranges as follows: kinases (2–10 nM; Invitrogen),

Oregon Green-labeled fluorescent probes (2� KD of probe to
the particular kinase; range of 6.25–200 nM; in-house/Invitro-
gen), terbium anti-His or anti-GST antibody (2 nM; Invitrogen).
The reaction buffer contained 20 mM HEPES, pH 7.4, 10 mM

MgCl2, 0.0075% Triton X-100, 0.1 mM Na3VO4, 1 mM DTT.
Compounds were typically tested from 0.0001 to 10 �M in 10�
dilutions. Reactions were carried out in a 20-�l volume in
PerkinElmer Life Sciences Proxiplate-plus 384-well white
plates by combining kinase, probe, antibody, and test com-
pound and then mixing and allowing the reaction to come to
equilibrium (incubation of 2.5 h). trFRET was then measured
on a PerkinElmer Envision plate reader (excitation at 340 nm;
emission at 520 and 495 nm). Competition by the test com-
pound versus the fluorescent probe for the ATP binding site of
the kinase was quantified by calculating the IC50 value based on
a four-parameter logistic curve fit.

Jak1 Cellular Assay; IL-6-induced pSTAT3 in TF-1 Cells—
TF-1 cells were cultured in media for 18 h without GM-CSF
prior to being plated in Alphaplate 384-well plates at 1 � 105

cells/well in 5 �l. Compound was added to cells (2.5 �l of 4�
stock in 2% DMSO) and incubated for 30 min. Cells were then
stimulated by adding 2.5 �l/well of 400 ng/ml (4� stock) IL-6
(R&D Systems catalog no. 206-IL/CF-50) and incubated for 30
min. Cells were lysed by adding 2.5 �l/well of 5� lysis buffer
from the pSTAT3 kit, and plates were put on a shaker for 10
min (PerkinElmer Life Sciences catalog no. TGRS3S10K and
bead kit 6760617M). Acceptor bead mix was made as per kit
instructions, and 15 �l was added to each well and incubated on
a shaker for 2 h at room temperature. Donor bead mix was
prepared as per the kit instructions and added in a volume of 6
�l/well, and the plate was incubated on a shaker overnight at
room temperature.

For all cell-based assays, plates were read on the EnVision
reader (PerkinElmer Life Sciences), and EC50 values were
obtained by plotting the percentage of control values in
GraphPad Prism and using a non-linear curve fit to determine
EC50.

Jak2 Cellular Assay; EPO-induced pSTAT5 in UT-7/EPO
Cells—UT7/EPO cells were cultured for 24 h without EPO and
were plated in Alphaplate 384 plates at 1 � 105 cells/well in 5 �l.
Compound was added to cells (2.5 �l of 4� stock in 2% DMSO)
and incubated for 30 min. Cells were then stimulated by adding
2.5 �l/well of 4 nM (4� stock) EPO (Cell Sciences catalog no.
CRE600B) and incubated for 20 min. Cells were lysed by adding
2.5 �l/well of 5� lysis buffer from the pSTAT5 kit, and plates
were put on a shaker for 10 min (PerkinElmer Life Sciences
catalog no. TGRS5S10K; bead kit catalog no. 6760617M).
pSTAT5 was measured as described above for the IL-2 pSTAT3
assay, except pSTAT5 kits (PerkinElmer Life Sciences catalog
no. TGRS5S10K) were used.

Jak3/Jak1 Cellular Assay; IL-2-induced pSTAT5 in T-blast
Cells—T-blast cells were prepared from a LeukoPak and frozen.
Cells were thawed and cultured for 24 h without IL-2 and were
plated in Alphaplate 384 plates at 1 � 105 cells/well in 5 �l.
Compound was added to cells (2.5 �l of 4� stock in 2% DMSO)
and incubated for 30 min. Cells were then stimulated by adding
2.5 �l/well of 80 ng/ml (4� stock) IL-2 (R&D Systems catalog
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no. 202-IL-10) and incubated for 20 min. pSTAT5 was assessed
as described above for the EPO assay.

Intact Mass Spectrometry—The LC-MS/MS system used
consisted of a capillary pump HPLC with a temperature-con-
trolled autosampler and an internal column oven coupled to a
6538 QTOF system (Agilent Technologies, Santa Clara, CA)
with a dual-spray ESI source, using MassHunter software ver-
sion B.03.01 (Agilent Technologies) for operation and data
acquisition. For intact molecular weight measurements, 8 �l of
sample in PBS buffer at 0.1 �g/ml was injected using an 8-�l
sample loop onto a Vydac C4 300-Å column (1 mm � 15 cm, 5
�m; Nest Group, Southborough, MA). The column tempera-
ture was maintained at 30 °C, and separation was performed
using a linear gradient from 30% B to 75% B over 20 min using
mobile phase A (99:1 water/acetonitrile containing 0.09% for-
mic acid and 0.01% trifluoroacetic acid (v/v)) and mobile phase
B (99:1 acetonitrile/water, containing 0.09% formic acid and
0.01% trifluoroacetic acid (v/v)). The mass spectrometer was
operated in a positive ion mode in the extended dynamic range
of 2 GHz using the dual spray with a reference mass of
922.00979 Da. Data were acquired from 400 to 3200 m/z at 7.18
spectra/s using the following acquisition parameters on the
electrospray ionization source: gas temperature 
 350 °C, dry-
ing gas 
 12 liters/min, nebulizer 60 p.s.i.g., VCap 
 4500 V,
fragmentor 
 275 V, skimmer 85 V, Oct RF Vpp 
 750 V.
Spectra were processed using maximum entropy deconvolu-
tion (mass range 32,000 –35,000 Da, mass step of 1.0, S/N 200,
m/z range 950 –1175 Da).

Protein Digestion for Mapping—JAK3 (0.1 mg/ml, 10 �l in 50
mM MOPSO, pH 6.5, 10 mM MgCl2, 2 mM MnCl2, 2.5 mM DTT,
0.01% BSA, 0.1 mM Na3VO4, 5% DMSO buffer) in the presence
and absence of Compound 3 was reduced by the addition of 20
mM DTT. Trypsin and Lys-C (Princeton Separations, Prince-
ton, NJ) were both added at 1:20 (w/w), and samples were
microwaved (CEM Corp., Matthews, NC) for 15 min at 55 °C,
50 watts. Digestion was cooled to room temperature, and 10 �l
was immediately injected.

MS/MS Acquisition for Mapping—The LC-MS/MS system
used consisted of a capillary pump HPLC with a temperature-
controlled autosampler and an internal column oven (Waters,
Milford, MA), using MassLynx software version 4.1 coupled to
an LTQ-Orbitrap Velos Fourier transform mass spectrometer
(Thermo Scientific, San Jose, CA) equipped with generation 2
ion optics (Velos Pro) and a heated electrospray ionization
source, using Xcalibur software version 2.1.0 (Thermo Scien-
tific) for operation and data acquisition. Peptides were eluted
off of a Jupiter C18 300-Å column (0.5 mm � 15 cm, 5 �m;
Phenomenex, Torrance, CA). The column temperature was
maintained at 30 °C, and separation was performed using a lin-
ear gradient at 15 �l/min from 10% B to 45% B over 55 min
using mobile phase A (water containing 0.1% formic acid and
0.02% trifluoroacetic acid v/v) and mobile phase B (acetonitrile,
containing 0.1% formic acid and 0.02% trifluoroacetic acid v/v).
The mass spectrometer was operated in a positive ion mode.
The spray voltage was set at 3.8 kV with sheath gas set at 10.
Data-dependent acquisition was performed by acquiring one
full mass spectrum in FT mode (mass resolutions 
 60,000)
within an m/z range from 250 to 2000, followed by five MS/MS

scans in the ion trap at a normal scan rate using an isolation
width of 2.0 m/z. The top five most abundant precursor ions
were each sequentially subjected to collision-induced dissocia-
tion. Dynamic exclusion was enabled with a mass width of

0.25 ppm, a repeat count of 2, and exclusion duration of 15 s.
Charge state screening was enabled. For collision-induced dis-
sociation, the normalized collision energy was set to 35 with an
activation Q of 0.25 and activation time of 30 ms. All MS/MS
spectra were collected with an automatic gain control target ion
setting of 10,000 ions.

Jak3 Crystallography and Structural Modeling—The Jak3
C1040S/C1048S/D949A and Compound 4 complex was crys-
tallized in 25% PEG 3350, 0.2 M ammonium sulfate, and 0.1 M

BisTris, pH 5.5, at 18 °C by vapor diffusion. The crystals were
then cryoprotected using 20% glycerol plus mother liquor and
frozen in liquid nitrogen.

X-ray diffraction data of Jak3 complexed to Compound 4
were collected at the Industrial Macromolecular Crystallogra-
phy Association Collaborative Access Team beamline at the
Advanced Photon Source (Argonne, IL). The data were pro-
cessed with the HKL2000 suite of programs (34). The x-ray
diffraction data are summarized in Table 7. The structure was
solved using PHASER (35–37), using Protein Data Bank entry
1YVJ (20) as the search model. Refinement of the complex
structure was conducted using REFMAC. Manual fitting of the
model was completed with the program O (38) and examina-
tion of 	A-weighted 2FO � FC and FO � FC electron density
maps. Two copies of Compound 4 (one per kinase domain)
were modeled into unbiased experimental density using the
program AFITT (OpenEye Scientific, Sante Fe, NM). Final
refinement and water placement were conducted using the pro-
grams COOT and BUSTER and converged at an Rcryst of 20.7%
(Rfree 
 25.1%), 39.67–1.8 Å (39, 40). MAESTRO (Glide;
Schrödinger, Inc., New York (41)) was used to obtain covalent
docking poses for Compound 3 using the protein crystal struc-
ture of Jak3 and Compound 4 as a reference.

RESULTS

Several families of non-covalent tricyclic inhibitors for JAKs
have been described (42– 44). Based on docking experiments in
the available crystal structures of JAK family kinase domains
and our previous work with tricyclic chemical series in the JAK
family (44), we designed several covalent inhibitors for Jak3
(Fig. 2; Compounds 1–3). These molecules include three differ-
ent reactive groups extending from the “imidazo” portion of the
tricyclic moiety that binds to the familiar so-called “hinge
region” of Janus kinases. Compound 1 contains a chloroacet-
amide group predicted to irreversibly interact with Cys-909,
whereas Compounds 2 and 3 carry acrylamide-derived Michael
acceptors (see supplemental Methods for chemical syntheses).

Compound 1 Shows Time-dependent, ATP-competitive Inhi-
bition of Jak3—In contrast to two well known reversible JAK
inhibitors (Compounds 5 and 6), we found that Compound 1
shows strong time-dependent inhibition in Jak3 enzyme assays
(Fig. 3). Without preincubation of the compound with Jak3,
moderate potency is achieved with Compound 1 (�0.6 �M)
when 1 �M ATP is added to initiate the kinase reaction in the
presence of substrate peptide (Fig. 3a). Extending the preincu-
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bation time to 30 min greatly improved apparent potency to
�0.015 �M. With longer preincubation time, IC50 values of �3
nM are observed, which approaches the lower limit this assay
can detect given the 2 nM enzyme concentration used. To fur-
ther understand the differentiated mechanism of action of this

compound, we compared Compound 1 with two previously
described reversible JAK inhibitors, Compounds 5 and 6 (13,
23). In contrast to Compound 1, we found that Compounds 5
and 6 do not show this unusual time-dependent behavior of
Jak3 inhibition (Fig. 3d). Within the �3-fold precision of IC50

FIGURE 2. Janus kinase inhibitors used in these studies. Cmpd, compound.

FIGURE 3. Compounds (Cmpd) 1– 4 show preincubation time-dependent changes in Jak3 inhibition. Kinase reactions (60 min) were initiated by the
addition of ATP (1 �M final) after the specified preincubation time with compounds and Jak3 in the presence of peptide substrate. a, inhibition curves using
Compound 1. b, IC50 as a function of preincubation time for tricyclic compounds. c, inhibition curves using Compound 3. d, IC50 as a function of preincubation
time for comparator compounds. Note that 0.003 �M is the lower limit of quantitation in the assay, as shown by the dotted line in b and d. Error bars, S.E.
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values from our assay, no significant changes are observed with
increasing preincubation times for Compounds 5 and 6, indi-
cating they rapidly reach binding equilibrium on Jak3. From
these results, we noted that the effects of Compound 1 are con-
sistent with an inhibitor that binds slowly and/or has an irre-
versible step requiring a time scale similar to the length of the
subsequent enzyme assays (�60 min) and can be contrasted to
reversible Jak3 inhibitors.

To test whether Compound 1 was ATP-competitive, we ran
Jak3 enzyme assays at a higher concentration of ATP (1 mM)
and also varied the order of addition of ATP and peptide sub-
strates used in the experiment (Table 1). IC50 values observed
for Compound 5 increase �1000-fold regardless of incubation
time or order of addition. This shift is consistent with that
expected by the application of the Cheng-Prusoff equation
using the ATP Km we have measured for Jak3 (�1 �M; data not
shown) and indicates ATP-competitive inhibition. We found
our tricyclic inhibitor (Compound 1) was unable to significantly
inhibit Jak3 (IC50 � 50 �M) when preincubated in the presence
of 1 mM ATP. Interestingly, Compound 1 could inhibit Jak3
activity effectively if it was preincubated with enzyme in the
presence of peptide for �30 min prior to the addition of 1 mM

ATP. This suggests that Compound 1 competes with ATP.
At high ATP concentrations, it is likely that Compound 1
does not have sufficient binding affinity to displace ATP
from the Jak3 active site under these assay conditions. This is
consistent with the absence of inhibition in preincubation
experiments with 1 mM ATP but intermediate inhibition
(0.3–0.040 �M) when preincubation mixtures include only 1 �M

ATP (Table 1).
Styles et al. (45) at Cytopia described several benzimidazole-

derived Jak3 inhibitors carrying Michael acceptors that were
predicted to be covalent inhibitors. When comparing one of

those compounds (Compound 4; see Fig. 2) with our tricyclic
inhibitor, we see similar behavior in response to preincubation
times and conditions (Fig. 3 and Table 1) although Compound
1 is somewhat more potent. Our subsequent tricycles, Com-
pounds 2 and 3, show even more rapid time-dependent inhibi-
tion of Jak3 kinase activity (Fig. 3b). Compound 3 inactivates
the enzyme with kinetics such that without any preincubation,
it gives an IC50 of 5 nM in our assay, and with even brief prein-
cubation before the addition of ATP, it reaches the lower limit
of our assay conditions (IC50 � 3 nM).

Kinetics of Inhibitor Binding—Although IC50 measurements
are often convenient to interpret, particularly when estimating
selectivity between covalent and non-covalent interactions, the
time dependence of IC50 values complicates the quantitation of
drug-target interactions for covalent inhibitors. Also, the
strong potency of Compound 3 observed in Jak3 activity assay
IC50 values (Fig. 3c) limits its precise measurement. Therefore,
we also measured the compounds’ association kinetics with
Jak3 through the displacement over time of a competitive
trFRET-binding probe. Using the same trFRET signal, the Kd of
this probe for Jak3 is 180 nM (data not shown).

Fig. 4a shows such data for Compound 3. We observed full
displacement of the probe at all concentrations, except poten-
tially 0.64 nM, which is substoichiometric to Jak3. This is char-
acteristic of an irreversible inhibitor, Mechanism 2 (as
described under “Experimental Procedures”). Values of kobs
from Fig. 4a were replotted versus inhibitor concentration (Fig.
4c), providing slope 
 kinact/KI 
 1.0 � 107 M�1 min�1 for
Compound 3. Such analyses were performed on all compounds
except for Compound 2 and enable compound ranking inde-
pendent of preincubation time. They show Compound 3 to be
nearly 200 times more optimized for Jak3 than Compound 4. In
addition, the rank order of compounds from association studies

TABLE 1
IC50 (�M) of inhibitors with varying order of addition and pre-incubation times
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correlates well with the IC50, cross-validating these two meth-
ods. All of the compounds tested that contain an apparent elec-
trophilic group (Compounds 1, 3, and 4) demonstrated full dis-
placement of the probe (not shown), and that behavior is
summarized in Table 2.

Fig. 4b shows kinetic traces for Compound 5, where we note
that the extent of probe displacement is proportional to inhib-
itor concentration. This is consistent with Mechanism 1 for
reversible binding, as could be expected based on the lack of
readily reactive groups in this molecule. Fitting the amplitude
changes in Fig. 4b to Equation 2 yields Ki of 1.7 nM for Com-
pound 5 (not shown), in agreement with the IC50 �0.003 �M in
Table 1. Compound 6, which also lacks an apparent electro-

phile, demonstrated behavior similar to that of Compound 5 in
its association kinetics and provided Ki of 49 nM (not shown),
roughly similar to the 11 nM IC50 observed in the Jak3 activity
assay (Table 3). Rate constants for Compounds 5 and 6 are
included in Table 2, but because Mechanism 1 is operative,
these values represent the association rate constant k1.

Reversibility of Inhibitor Binding—To further assess whether
our tricyclic compounds were irreversible inhibitors, we con-
ducted an experiment to monitor potential recovery of activity
after prebinding inhibitor to Jak3 and then shifting equilibrium
by dilution to a state favoring inhibitor release (see “Experimen-
tal Procedures”; Fig. 5). The results indicate that Compound 6 is
completely reversible and that the enzyme recovers full activity
before the first time point in our experiment (t1⁄2 for dissociation
��5 min). However, essentially no recovery of Jak3 activity was
observed for the tricyclic Compound 1 or 3 (Fig. 5) even after
80 min, which is similar to what was observed for Compound
4. These data suggest that these molecules are irreversible
inhibitors of Jak3, although we cannot completely rule out
the possibility they merely have a very long half-life on the
enzyme (�3 h).

Mass spectrometry of Jak3 incubated in the presence of
Compound 3 showed an increase of 241 Da compared with
enzyme incubated with a DMSO control (Fig. 6a). This pre-
cisely matches the molecular mass of Compound 3 and strongly
indicates that a covalent adduct was formed between Com-
pound 3 and the enzyme. Furthermore, mass spectrometry
mapping after protease digestion showed that the peptide con-
taining Cys-909 was specifically modified by Compound 3 (Fig.
6b). Similar experiments with another tricyclic inhibitor, Com-
pound 1, showed the expected change in intact molecular
weight upon covalent modification of intact Jak3 (data not
shown) following the loss of the chloride leaving group (228
Da). Notably, incubation with Compound 6, which we showed
to be a reversible inhibitor earlier by enzyme kinetics, did not
alter the molecular weight of Jak3 (Fig. 6a); nor did Compound
5 (data not shown).

In summary, our biochemical data indicate that our tricyclic
inhibitors covalently modify Jak3 in an apparently irreversible
manner and can be distinguished from earlier reversible Jak3
inhibitors, such as Compounds 5 and 6. In comparison with the
benzimidazole Jak3 covalent inhibitor (Compound 4), we note
that our lead tricycle (Compound 3) is a considerably more
potent/rapid Jak3 inactivator.

FIGURE 4. Association kinetics of Jak3 inhibitors. The association of inhib-
itor binding to Jak3 was monitored by the displacement of a trFRET probe. a,
Compound (Cmpd) 3. b, Compound 5. Decay curves were fit to an exponential
function from which values of kobs and the amplitude changes at each inhib-
itor concentration were determined. cts, fluorescence counts. c, kobs versus
inhibitor concentration yields the association rate constant from the slope of
the linear fit: Compound 3, m 
 1.0 � 107

M
�1 min�1; Compound 5, m 
 2.7 �

107
M

�1 min�1. Only kobs values below 0.2 min�1 were used to ensure that
rates had no contribution from dissociation of the trFRET probe.

TABLE 2
Kinetic binding studies of Jak3 inhibitors, association rate constant,
and mode of interaction
Apparent association rate constants were determined by displacement of an active
site trFRET probe as described in the legend of Fig. 4 and under “Experimental
Procedures.” Inhibitors on which �trFRETtot is dependent on compound concen-
tration are designated reversible, whereas those with constant �trFRETtot are des-
ignated irreversible. Note that for reversible inhibitors, the association rate equals
k1, whereas for irreversible inhibitors, the association rate equals kinact/KI.

Compound
Apparent association

rate constant
Observed

binding mode

M�1 min�1

1 (tricycle) 2.1 � 105 Irreversible
3 (tricycle) 1.0 � 107 Irreversible
4 (benzimidazole) 5.4 � 105 Irreversible
5 (CP-690,550) 2.7 � 107 Reversible
6 (CMP6) 1.3 � 107 Reversible
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Tricyclic Covalent Inhibitors Are Highly Selective for Jak3—
Due to the presumed critical nature of the cysteine thiol for
driving sustained interactions with the kinase, Jak3 covalent
inhibitors would not be predicted to have significant activity
against the other Janus kinases, which lack cysteine at this posi-
tion (Fig. 1). We evaluated the potency of our covalent inhibi-
tors in all JAK family kinases (Jak1, Jak2, Jak3, and Tyk2; see
Table 3). Although some intrinsic binding to Jak1 and Jak2
with the tricyclic core is expected from previous results (44), we
found that our tricyclic compounds gave IC50 values of �1 �M

for Jak1, Jak2, and Tyk2. The lack of substantial increases in
IC50 after a 2-h preincubation suggests that such interactions
with these other isoforms are probably reversible in nature,
consistent with the lack of the cysteine side chain in these iso-
forms. As expected, we found that the reversible inhibitors
Compounds 5 and 6 inhibited all four Janus kinases with little
selectivity among the family members (Table 3). We also
probed the inhibition of the other 10 protein kinases that carry
a cysteine in the analogous position in their active site (Table 4).
Although some inhibition of these enzymes was observed,
Compound 3 nevertheless exhibits strong selectivity for Jak3
compared with ITK (�100-fold) and with BTK and EFGR
(�500-fold). The selectivity obtained for the benzimidazole
covalent inhibitor (Compound 4) indicates more moderate
selectivity.

We profiled our compounds in a kinome panel comprised of
78 representative protein kinases and found that our tricyclic
inhibitors show excellent overall selectivity for Jak3 (Table 5).
Compound 3, for example, binds Jak3 with a potency of 2 nM in

the kinome panel. The next most potent interaction was with
BTK at 1.3 �M. FGFR1 showed moderate inhibition at 3 �M,
whereas 73 other kinase tested are �5 �M. Compound 4
showed a more moderate selectivity profile that probably
reflects the less specific reversible interaction provided by its
benzimidazole hinge-binding element.

Tricyclic Covalent Inhibitors Show Jak3 Selectivity in Cell-
based Assays—Biochemical profiling uses isolated kinase
domains separate from the regulatory machinery, binding part-
ners, and other key features of how these proteins participate in
a signaling pathway. To measure inhibition of JAKs in their
native, cellular environment, we used a battery of cytokine-
stimulated cell-based assays (Fig. 7 and Table 6). To interrogate
common �-chain signaling, we used an IL-2-stimulated T-blast
assay that requires the activity of Jak3 and Jak1 to phosphory-
late STAT5 (33). In this system, Compounds 1 and 2 show full
inhibition of STAT5 phosphorylation with moderate potency
(EC50 values of 1.3 and 0.5 �M, respectively). This inhibition is
weaker than that of the reversible compound Compound 5,
which showed EC50 of 48 nM. However, Compound 3, our most
potent covalent tricyclic inhibitor when measured in isolated
kinase domains, demonstrated even higher potency (19 nM)
than Compound 5.

Importantly, the tricyclic compounds show essentially no
activity in a Jak2-dependent cellular assay (EPO-stimulated
phosphorylation of STAT5 in UT7 cells) even at compound
concentrations greater than 50 �M (Fig. 7 and Table 6). In con-
trast, the reversible JAK inhibitors, Compounds 5 and 6,
showed considerably less selectivity for Jak2, giving EC50 values

TABLE 3
IC50 values (�M) for Janus family kinases
Preincubations contained compound, enzyme, and peptide substrate. All reactions were initiated by the addition of 1 �M ATP. Cmpd, compound.

Preincubation
time

IC50

Cmpd 1(tricycle) Cmpd 2 (tricycle) Cmpd 3 (tricycle) Cmpd 4 (benzimidazole) Cmpd 5 (CP-690,550) Cmpd 6 (CMP6)

min �M

Jak1 0 5 6 4 �50 �0.003 �0.03
120 8 11 6 �50 �0.003 0.01

Jak2 0 3.3 5 1.6 12 �0.003 �0.003
120 4.3 5 1.6 48 �0.003 �0.003

Jak3 0 0.6 0.11 �0.003 0.5 �0.003 0.011
120 �0.003 �0.007 �0.003 0.02 �0.003 0.011

Tyk2 0 46 �50 �50 3 0.05 0.005
120 �50 �50 �50 6 0.02 0.011

FIGURE 5. Covalent inhibitors irreversibly inhibit Jak3. a, Compounds (Cmpd) 1 and 4 were preincubated for 30 min at 2 �M concentrations with 0.32 �M Jak3
in the absence of ATP and diluted 400-fold, where kinase reactions in 1 �M ATP were performed. b, Compounds 3 and 6 were preincubated for 30 min at 2.8 and
15.2 �M concentrations, respectively, with 0.32 �M Jak3 plus 10 �M ATP and diluted 400-fold, where kinase reactions in 10 �M ATP were performed. Error bars,
S.E.
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FIGURE 6. a, mass spectra of the Jak3 kinase domain shows that Compounds (Cmpd) 3 and 4 are covalent inhibitors. Jak3 was treated with inhibitor for 2 h (5-fold
excess: 3 �M Jak3 and 15 �M inhibitor) in MOPSO kinase assay buffer in the absence of ATP at room temperature prior to mass spectrometry analysis. The known
reversible inhibitor (Compound 6) does not modify the molecular weight. The predicted molecular mass for the Jak3 construct used carrying two phosphates
is 33,550 Da. The predicted molecular mass of Compounds 3 and 4 is 241.3 and 356.4 Da, respectively. b, mass spectrometry mapping shows that Cys-909 is
modified by Compound 3. Shown is the MS/MS spectrum (orbitrap/ion trap mode using an LTQ-Orbitrap) of peptide LVMEYLPSGCLR (m/z 811.40 {�2})
depicting modification of Cys-909 by Compound 3.
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at 1 and 0.25 �M, respectively, in the EPO-stimulated cellular
assays. When compared in a Jak1 obligate assay (IL-6 phosphor-
ylation of STAT3 in TF-1 cells), the covalent inhibitors also
showed very little activity (EC50 values of �17 �M), whereas the
pan-JAK inhibitor Compound 5 showed a potent inhibition at
44 nM. Our in vitro enzyme and cellular data therefore strongly
indicate a differentiated JAK inhibition profile for the tricyclic
covalent inhibitors, which selectively inactivate Jak3 while spar-
ing effects on Jak1 and Jak2. This cellular selectivity highlights
the greater utility of Compound 3 over Compound 4 as a Jak3-
specific inhibitor.

Structural Analysis of Jak3 Covalent Inhibitors—To better
understand the interaction of covalent inhibitors with the Jak3
active site and how this exquisite Jak3 selectivity was obtained,
we performed structural modeling with the tricyclic inhibitors
and compared them with the co-crystal structure we obtained
for Compound 4 in Jak3 (Fig. 8). This structure was solved and
contained the Jak3 catalytic domain containing the mutations
C1040S, C1048S, and D949A (submitted as PDB entry 4QPS).
Mass spectrometry showed that, like the wild type, this inactive
mutant protein also became covalently linked to Compound 4
(data not shown). Crystals were grown in 25% PEG 3350, 0.2 M

ammonium sulfate (pH 5.5) over several days (see “Experimen-
tal Procedures” for details). They diffracted to 1.8 Å at a syn-
chrotron source (Table 7).

In the structure of Compound 4 bound to Jak3, the acrylam-
ide moiety is seen making a clear interaction with the sulfur
atom in Cys-909. Continuous electron density between that
side chain and the inhibitor is observed, as expected for cova-
lent bonding between the inhibitor and protein (Fig. 8a).
Although it is important to note that this is a product structure
of the reaction of Compound 4 with the enzyme, we argue that
a similar binding orientation with Compound 4 must have
occurred prior to formation of covalent linkage. In this view, by
positioning the acrylamide substitution off of the benzimida-
zole 6-position in close proximity to the sulfhydryl in Cys-909,
Compound 4 would be placed in an orientation favorable for
Michael addition of the corresponding thiol.

We modeled a tricycle into the binding site of Jak3 using our
4QPS x-ray structure as a reference. Based on the superposition
of the Compound 3 model with the x-ray structure of Com-
pound 4 (Fig. 8c), we found that the electrophile’s trajectories
were comparable. Because the orientations in Fig. 8 represent
products after the covalent attachment for these compounds to
Jak3, the greater reactivity of Compound 3 (larger kinact/KI and
smaller Jak3 IC50 values) compared with Compound 4 may
stem from more favorable alignment in the active site prior to

covalent attachment and/or greater affinity for reversible bind-
ing prior to nucleophilic attack by Cys-909. Although an x-ray
structure would be helpful to confirm these observations, we
note that in our model, the tricyclic core aligns with the kinase
hinge with strong hydrogen bond distances to the backbone
carbonyl of Glu-903 and backbone nitrogen of Leu-905. Addi-
tionally, in this model, the acrylamide carbonyl rotates to
potentially form a stabilizing hydrogen bond to the backbone
NH of Cys-909.

DISCUSSION

Tyrosine phosphorylation of STAT molecules by Janus
kinase family members is a key step in numerous pathways of
cytokine and proliferative signaling (3, 5, 46, 47). The JAKs rep-
resent attractive targets for therapeutic intervention in numer-
ous human disease areas, including autoimmunity/inflamma-
tion, myeloproliferative disorders, and cancer. As such,
compounds that inhibit or modulate their activity represent a
considerable opportunity to improve patients’ lives (for recent
reviews, see Refs. 15 and 48).

Because of the high structural similarity of the four JAK
enzymes, a key challenge in such strategies is the development
of selective compounds that can target a particular Janus kinase
isoform while avoiding inhibition of others that may lead to
unacceptable side effects. A strong case can be made for thera-
peutics specifically targeting Jak3. Its expression is the most
limited of the JAKs, chiefly in the hematopoietic cells (49) that
play a central role in autoimmunity. Furthermore, inhibition of
Jak3 would not be expected to impact the antiviral pathways
such as IFN-� (which signals by Jak1 and Tyk2) that may oth-
erwise limit use of JAK inhibitors for chronic diseases. Because
of its role in several physiologically essential processes, such as
erythropoiesis and neutrophil function (5, 50 –52), avoiding
inhibition of Jak2 is particularly desirable. Clinical results indi-
cate that anemia could be potentially dose-limiting for JAK
inhibitors with insufficient selectivity over Jak2 (53, 54). There-
fore, specifically targeting Jak3 may improve safety margins,
although the consequences of long term blockade of Jak3 in the
absence of other JAKs are unknown.

Here, we have characterized the in vitro inhibition properties
of several compounds that achieve Jak3 selectivity through the
covalent interaction with a Jak3 active site cysteine not present
in the other family members. As described above, we found that
these compounds display time-dependent inhibition of Jak3
but not of other JAKs (Fig. 3 and Table 3). Like the other JAK
inhibitors examined, their binding was influenced by the con-
centration of nucleotide and is therefore ATP-competitive

TABLE 4
The covalent inhibitors are selective for Jak3 among other kinases that carry homologous Cys
Jak3, EGFR BLK, EGFR, ErbB2, and ErbB4 were assayed using 1 �M ATP; BTK, ITK, and MAP2K7 were assayed using 10 �M ATP; ETK and TEC were assayed using 100
�M ATP (all near respective ATP Km). IC50 values were obtained with no preincubation in the absence of ATP.

Compound
IC50

Jak3 Blk Btk EGFR ErbB2/HER2 ErbB4/HER4 Etk/BMX ITK MAP 2K7 TEC TXK/Rlk

�M

1 0.665 8.7 �10 �10 �10 6.4 �10 6.1 �10 3 7.5
3 0.007 2.6 14 11 �10 0.96 �10 0.83 �10 1 3.3
4 1.8 0.73 4.5 0.78 �10 0.91 �10 2.4 10 0.68 0.76
5 0.01 9.8 �10 33 �10 6 �10 49 18 0.64 �10
6 0.017 5.5 0.68 10 �10 3.1 �10 1.8 2.6 6.7 �10
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TABLE 5
Kinome selectivity of JAK inhibitors
trFRET competition binding IC50 values (�M) are shown. ND, not determined. Cmpd, compound.

Kinase
IC50

Cmpd 1 Cmpd 3 Cmpd 4 Cmpd 5 Cmpd 6

�M

ACVR1 �10 �10 2.7 9.4 �10
Abl �10 �10 3.5 �10 �10
Akt1 ND �10 �10 ND �10
ALK �10 �10 �10 �10 �10
Aurora1 �10 �10 6.7 �10 0.30
Aurora2 �10 �10 �10 �10 �10
BRAF �10 �10 �10 �10 �10
BTK �10 1.25 0.64 �10 �10
CAMK1D �10 �10 �10 6.7 �10
CAMK2A �10 �10 �10 �10 �10
CAMKK2 8.4 �10 �10 �10 �10
CDK11 �10 �10 �10 �10 �10
CDK2 ND �10 �10 ND �10
CDK7 9.5 �10 �10 �10 �10
CDK8 8.5 �10 3.8 5.9 �10
CDK9 �10 �10 �10 �10 �10
Ck1�1 �10 �10 7.6 �10 �10
CLK2 �10 �10 3.9 4.9 �10
cMET 7.0 �10 �10 �10 �10
CSF1R �10 �10 �10 �10 �10
DDR1 �10 �10 �10 �10 �10
Dyrk1A �10 �10 �10 �10 �10
DYRK1B �10 �10 8.8 9.63 �10
Erk2 ND �10 �10 ND 1.47
FAK �10 �10 �10 �10 1.9
FGFR1 �10 3.1 4.4 �10 �10
Flt1 �10 �10 0.55 �10 �10
Fyn �10 ND 0.66 �10 �10
GRK5 7.7 9.4 �10 �10 2.5
Gsk3a �10 �10 5.0 �10 �10
Gsk3b �10 �10 7.4 �10 �10
IGF1R �10 �10 �10 �10 �10
IKKe �10 �10 �10 �10 0.35
InsR �10 �10 �10 �10 �10
JAK2 �10 �10 �10 0.017 0.010
JAK3 0.099 0.002 0.30 0.017 0.072
JNK1 �10 �10 �10 �10 0.037
JNK2 �10 �10 �10 �10 0.20
Kdr 7.3 ND 0.55 4.0 6.3
Lck �10 �10 4.5 �10 �10
LTK 7.3 5.6 9.2 3.3 0.11
MAP2K3 �10 �10 �10 ND �10
MAP3K10 �10 �10 �10 �10 �10
MAP4K2 5.1 7.4 �10 �10 10.0
MAP4K4 �10 �10 8.1 �10 3.4
MEK1 5.0 �10 9.6 �10 0.45
MEK2 �10 �10 �10 �10 2.0
MST1 �10 �10 �10 �10 0.078
Nek2 �10 �10 �10 �10 �10
p38� �10 �10 �10 �10 �10
PAK4KD �10 �10 �10 �10 �10
PDGFRB �10 �10 �10 �10 �10
Pim1 �10 �10 7.9 �10 1.6
Pim2 ND �10 �10 �10 5.1
PKA �10 �10 �10 7.8 3.9
PKC
 �10 �10 �10 7.8 3.2
PKC� ND �10 �10 �10 �10
PKG1A �10 �10 �10 4.2 �10
Plk3 ND �10 1.5 ND �10
Prkcn �10 �10 �10 �10 0.27
RET 8.0 7.8 �10 �10 0.73
Rock1 �10 �10 �10 1.7 0.48
Rock2 �10 �10 �10 1.2 �10
Rsk2 �10 �10 �10 �10 2.7
SGK1 �10 �10 �10 �10 1.8
Src ND �10 0.98 ND �10
STK16 ND �10 1 �10 �10
STK33 0.66 7.1 �10 �10 0.099
Syk �10 �10 �10 �10 �10
TAOK2 �10 �10 �10 �10 �10
TBK1 �10 �10 �10 �10 0.70
TNK2 �10 �10 4.7 �10 0.51
TrkA �10 �10 �10 �10 �10
TrkB �10 �10 �10 �10 4.4
TrkC �10 �10 �10 �10 9.1
TYRO3 �10 �10 �10 �10 �10
Wee1 9.8 �10 7.8 �10 �10
Zipk 6.3 �10 2.8 �10 0.002
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(Table 1). This is consistent with the binding poses modeled for
the tricyclic inhibitors and with the binding mode in the Jak3
active site observed for Compound 4 by crystallography (Fig. 8).
In our crystal structure, a covalent interaction is observed
between the terminal electrophile and the side chain of Cys-
909. We found that, in contrast to the other well known Jak3
inhibitors (Compounds 5 and 6), our tricyclic compounds are
effectively irreversible inhibitors of Jak3 (Figs. 4 – 6).

Although the presence of cysteine residues in this area of
kinase active sites is relatively rare, there are several other tyro-
sine kinases that carry a thiol in a position analogous to that of
Cys-909 of Jak3 (BLK, BMX, BTK, EGFR, HER2, HER4,
ITK, RLK, and TEC) as well as one serine-threonine kinase
(MAP2K7) (Fig. 1). These include enzymes that may be good
targets for oncology (EGFR, HER2, and BLK) and immunolog-
ical diseases (BTK, ITK, and TEC). Several inhibitors directed
toward EGFR and BTK in this manner have been described (29,
55–59), and there is resurgent interest in covalent inhibitors of
kinases (31, 60). Although the potential for cross-reactivity with

thiol-directed inhibitors exists, there are other differences in
the active site sequences of kinases carrying cysteine at this
position (Fig. 1). This suggests that optimization of intrinsic
(non-covalent) affinity of the inhibitor for the target kinase
through improved interactions of the hinge-binding region and
other inhibitor elements could introduce the necessary speci-
ficity to target particular kinases.

We found that the favorable selectivity for JAKs that is
imparted by certain tricyclic hinge-binding cores (44) could
drive strong Jak3 selectivity if we added a reactive electrophile
in the right location. Our inhibition data with other Cys-con-
taining kinases (EGFR, ITK, BTK, etc.) show favorable selectiv-
ity ratios for our covalent inhibitors compared with Jak3, and
we also observed good selectivity among more than 70 other
kinases. The specificity of the tricyclic compounds shown
herein for Jak3 is almost certainly driven in part by non-cova-
lent interactions with Jak3 prior to covalent attack. We suspect
that the tricycles probably have reversible affinity for the Jak3
active site in the 1–10 �M range, similar to the potency observed
for these molecules in Jak1 and Jak2 (see Table 3), where no
covalent bond can be formed. If, during reversible binding, the
reactive group is brought into close proximity to Cys-909 for
efficient covalent attack, even modest initial affinity would
appear to drive rapid inactivation of Jak3. Thus, we conclude
that our tricyclic core provides the correct balance of hinge
hydrogen bond interactions with a suitable geometric approach
to the target Cys-909 with a reactive moiety.

We observed that tricyclic compounds also carried strong
selectivity within the JAK family for Jak3, both in enzyme assays
with isolated kinases domains of Jak1, Jak2, and Tyk2 and in a
battery of cell-based assays (Fig. 7). We note that the full inhi-
bition of STAT5 phosphorylation in the IL-2 cell-based assay in
T-blasts suggest that Jak3 inhibition alone (in the absence of
appreciable Jak1 inhibition) is sufficient to block downstream
signaling. This is consistent with a report by Liu et al. (61) who
concluded from cell transfection experiments that both Jak1
and Jak3 were essential to achieving STAT phosphorylation in
response to IL-2. Our result using native Jak3/IL-2 signaling in
T-cells is in contrast to results described previously in U4C
epithelial cells (62), where only partial effects on the level of
STAT5 phosphorylation in response to IL-2 were observed
using “kinase-dead” Jak3. We speculate the apparent differ-
ences may be due to the nature of the epithelial cell line used
and the manner in which Jak3 was exogenously expressed in
those experiments or that the K855A mutation used may not
completely abrogate kinase activity.

A potential challenge with the use of covalent inhibitors car-
rying Michael acceptors lies in their potential reactivity with

FIGURE 7. Cellular activity of Jak3 inhibitors. Upper panel, phosphorylation
of STAT5 (pSTAT5) in IL-2-stimulated T-blasts (dependent on signaling from both
Jak1 and Jak3). Lower panel, phosphorylation of STAT5 in EPO-stimulated UT-7
cells (dependent on signaling from Jak2). Covalent tricyclic compounds (Com-
pounds (Cmpd) 1 and 3) are inactive (�50 �M) in this assay. Error bars, S.E.

TABLE 6
EC50 (�M) of Jak3 inhibitors in cell-based assays
ND, not determined. Cmpd, compound.

Assay

EC50

Cmpd 1
(tricycle)

Cmpd 2
(tricycle)

Cmpd 3
(tricycle)

Cmpd 4
(benzimidazole)

Cmpd 5
(CP-690,550)

Cmpd 6
(CMP6)

�M

IL-6 pSTAT3 TF-1 cells (Jak1) 23 �50 17 19 0.044 ND
Epo pSTAT5 UT-7 cells (Jak2) �50 �50 �50 �50 1.1 0.25
IL-2 pSTAT5 T-blasts (Jak1 and Jak3) 1.26 0.51 0.019 4.9 0.048 0.040
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additional proteins (63, 64). However, a number of covalent
kinase inhibitors targeting EGFR or BTK have recently
advanced to clinical testing, and, to the surprise of many, sig-
nificant non-mechanistic adverse events have not been
observed. Our in vitro data indicate that the acrylamide moiety
of Compound 3 is not a highly non-selective modifier of thiols;
mass spectrometry data show only one addition of Compound

3 despite the presence of other surface cysteines (Cys-1040 and
-1048) in the Jak3 used for the experiment (Fig. 6). Although we
do not underplay concerns about the potential reactivity of
such molecules, we see potential for covalent inhibition of Jak3
in targeting diseases mediated for this important kinase. The
covalent tricycles described here represent a good start to such
efforts. However, we have not been able to obtain favorable

FIGURE 8. a, crystal structure of Compound 4 covalently bound to Jak3 (monomer C). Electron density from FO � FC maps is shown contoured at 2	. b, x-ray
structure of Compound 4 (dark orange) and Jak3 overlaid with tricyclic core (light orange) modeled into the Jak3 active site. The structure of basic tricyclic core
is shown on the right. c, Compound 3 modeled into Jak3 using a covalent docking method from the program Glide using 4QPS monomer C as a reference model
(41).
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pharmacokinetics with these compounds (data not shown) to
extend their use as in vivo tools. Given the improvements in
selectivity for Jak3 signaling that we observed in cell-based
assays over previous molecules, our inhibitors could be valuable
in vitro tool compounds to investigate the molecular and phys-
iological consequences of Jak3-specific inhibition.
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