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Janus kinases (JAKs) are receptor-associated multidomain tyrosine
kinases that act downstream of many cytokines and interferons.
JAK kinase activity is regulated by the adjacent pseudokinase
domain via an unknown mechanism. Here, we report the 2.8-A
structure of the two-domain pseudokinase-kinase module from
the JAK family member TYK2 in its autoinhibited form. We find
that the pseudokinase and kinase interact near the kinase active
site and that most reported mutations in cancer-associated JAK
alleles cluster in or near this interface. Mutation of residues near
the TYK2 interface that are analogous to those in cancer-associ-
ated JAK alleles, including the V617F and “exon 12” JAK2 muta-
tions, results in increased kinase activity in vitro. These data
indicate that JAK pseudokinases are autoinhibitory domains that
hold the kinase domain inactive until receptor dimerization stim-
ulates transition to an active state.

JAK1 | JAK3

H elical bundle cytokines of the interleukin and IFN families
regulate a wide variety of immune and cellular growth
responses (1). These signaling pathways are initiated by cytokine-
mediated receptor dimerization and subsequent activation of
nonreceptor tyrosine kinases called Janus kinases (JAKs) that
are associated with the receptor intracellular domains (2). JAK
activation leads to phosphorylation of the receptor and re-
cruitment of STAT family transcription factors, which are then
phosphorylated by the JAK and translocated to the nucleus
where they induce gene transcription. The JAK family consists
of four members (JAKI, JAK2, JAK3, and tyrosine kinase 2 or
TYK?2), each of which binds a distinct set of cytokine receptor
subtypes and hence has a unique gene knockout phenotype,
ranging from embryonic lethality due to neuronal and erythro-
poietic defects (JAK1 and JAK2, respectively) (3-5), to pro-
found immune system deficiencies (JAK3 and TYK2) (6).

The JAK kinases are large (~1,150-aa) multidomain proteins
whose primary sequences were initially organized into seven
JAK-homology (JH) domains that reflected distinct regions of
high sequence homology (7). Subsequent structure predictions
indicated that JAKs contain four distinct domains: N-terminal
4.1, Ezrin, Radixin, Moesin (FERM) and Src homology 2 (SH2)
domains, followed by C-terminal pseudokinase and kinase domains
(7, 8) (Fig. 14). The FERM and SH2 domains constitute the
receptor-binding module (2), whereas the pseudokinase, which
has a canonical kinase fold but lacks key catalytic residues, is
thought to regulate kinase activity. Deletion of the pseudokinase
in JAK2 and JAK3 increases basal kinase activity and dereg-
ulates signaling through cognate receptors (9, 10). Additionally,
the JAK?2 pseudokinase and kinase domains have been reported
to coimmunoprecipitate, and coexpression of the JAK2 pseu-
dokinase domain inhibits activity of the isolated kinase domain
(10). Recent work on the JAK2 pseudokinase domain indicates
that it has weak catalytic activity and autophosphorylates two
inhibitory sites within the SH2-pseudokinase linker and pseu-
dokinase N-lobe (11, 12). However, these JAK2 phosphorylation
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sites are not universally conserved in the other JAK family
members (13), suggesting this may be a JAK2-specific regulatory
pathway. Moreover, the in vitro activity of the isolated JAK2
pseudokinase-kinase protein is reduced and the K, value for
ATP increased compared with the kinase domain alone (14),
suggesting there may also be a more direct mechanism by which
the pseudokinase regulates enzymatic activity.

Although JAK kinase inhibition has proven to be an attractive
drug target for a number of immune indications (15), the dis-
covery of the JAK2 V617F mutation as causative for polycy-
themia vera and other myeloproliferative neoplasms (MPNs)
has prompted the investigation of all JAK family members in
a number of malignancies (16). Recent cancer genome sequenc-
ing studies have shown that assorted mutations in JAK1, JAK2,
and JAK3 can also induce myeloid neoplasias as well as a
smaller number of solid tumors (16, 17). Most of these mutations
cluster in and around the N-lobe of the pseudokinase domain
near the JAK2 V617F mutation, with a smaller subset in the
N-lobe of the kinase domain. Functional screening for consti-
tutively active JAK2 alleles has also identified several point
mutations in the pseudokinase N-lobe (18). Importantly, JAK2
V617F is a kinase-activating mutation, increasing JAK2 activity
in both cell-based assays (17) and in vitro in the context of the
isolated JAK2 pseudokinase-kinase module (14). Analogous
mutations made in both JAK1 (L653F) and TYK2 (V678F) also
activate their respective kinase domains (19). These data suggest
that cancer-associated pseudokinase mutations relieve inhibition
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Fig. 1. Crystal structure of the TYK2 pseudokinase-kinase. (A) Simplified
domain structure of TYK2 indicating the boundaries of the pseudokinase—
kinase construct used in this study. (B) Diagram of the pseudokinase (blue)
and kinase (tan) complex. From this view, the N and C termini of the crys-
tallized construct are visible. Protein backbone is shown with the all-atom
surface of the kinase domain displayed to aid consideration of the in-
teraction interface. The kinase inhibitor molecule compound 7012 is shown
in the active site as spheres (carbon atoms colored purple). (C) The diagram
from B is rotated 180°, with pseudokinase and kinase represented in the
same color, but the surface of the pseudokinase is shown. In this view, the
region of the interdomain linker between the pseudokinase and kinase are
visible, with a distance measurement and a dashed line shown to illustrate
the connection made by the unobserved peptide linkage. Simplified dia-
grams are shown beneath each panel for orientation.

of JAK kinase activity, and therefore JAK pseudokinase domains
have a tumor-suppressing function.

Although recent work has provided valuable structural in-
formation about the JAK kinase (20-22) and pseudokinase (11,
13) domains, the molecular mechanism by which JAK kinase
activity is regulated by the pseudokinase is poorly understood. A
recent structure of the JAK1 pseudokinase (13) provides tanta-
lizing evidence that its N terminus may act as a switch controlling
JAKI kinase activation. This N-terminal segment corresponds to
exon 12 in JAK2, which contains a number of MPN—associategi
mutations (23). We build on this finding by presenting a 2.8-A
crystal structure of the pseudokinase and kinase domains of
TYK?2, which shows that the TYK2 pseudokinase interacts with
the kinase via a composite interface formed by the pseudokinase
N-lobe and the N-lobe “exon 12” segment. Mapping of tumor-
derived, activating JAK mutations onto our structure, along with
kinase activity measurements of interface mutants, indicates this
is an autoinhibitory interface that, when disrupted, relieves ki-
nase inhibition and can initiate JAK-mediated malignancies.

Results

Architecture of the TYK2 Pseudokinase—Kinase Module. To initiate
structural studies of the TYK2 pseudokinase—kinase protein, we
used insect cells to express a kinase-inactive (D1023N) version of
human TYK2 residues 566-1187. Despite high expression levels
and good solution behavior, this fragment of TYK2 failed to crys-
tallize in its apo-state. Addition of a TYK2-specific ATP-competi-
tive inhibitor (24) to the protein sample enabled crystallization, and
we obtained a structure of the pseudokinase-kinase module at
a resolution of 2.8 A (Table S1 and Fig. S1). The structure con-
tains one pseudokinase and one kinase domain in the asymmetric
unit. After model refinement, a 17-aa pseudokinase—kinase inter-
domain linker remained unresolved in electron density maps. To
determine the proper linkage for a pseudokinase—kinase monomer
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within the crystal lattice, we sought symmetry-related pseudoki-
nase domains that had crystal contacts with the kinase domain. We
found three possible pseudokinase—kinase combinations, and
measured distances between the observed C terminus of the
pseudokinase (Pro871) and observed N terminus of the kinase
domain (Pro889) for each complex (Fig. S2). One of the three
possible combinations showed a distance of 26 A, which was less
than one-half the second shortest distance (54 A) Given that a 17-
aa linker could extend to an absolute maximum distance of 63 A (at
3.7 A per amino acid residue), we hypothesized that the pair with
shortest linker distance likely is the covalently linked combination
and therefore might represent a physiologically relevant arrange-
ment. The interface between this pseudokinase—kinase pair is
generated by the back side of the pseudokinase N-lobe (opposite
the active site cleft) as well the N-terminal exon 12 segment, tucked
up underneath the kinase N-lobe sheet against the hinge region next
to the active site (Fig. 1 B and C). Using this model, we analyzed of
the overall structure and JAK family mutations, allowing us to vali-
date this as a bona fide inhibitory conformation.

Structural Analysis of the TYK2 Kinase and Pseudokinase Domains.
The TYK2 kinase domain adopts the characteristic bilobate
protein kinase fold and has high similarity to previously reported
structures (21, 25) (Fig. S34). Superposition with TYK?2 [Protein
Data Bank (PDB) ID code 3NZ0] shows a Ca rms deviation
(rmsd) of 0.9 A. There are three loops (residues 933-939, 1035—
1036, and 1114-1118) without discernable electron density and
presumed to be disordered. The TYK2 inhibitor (compound
7012) interacts with the kinase hinge via both the amide nitrogen
and carbonyl oxygen atoms of residue Val981 as has been shown
previously for this series of compounds (24) (Fig. S4B). In-
terestingly, the kinase domain activation loop (A-loop) resides in
an active-like conformation, with minor backbone rearrange-
ment relative to 3NZ0 likely due to the presence of a crystal
contact with a neighboring symmetry-related molecule. As for
the structure of TYK2 kinase domain (25), we do not see evi-
dence of A-loop phosphorylation in the electron density or in
mass-spectrometric analysis (discussed below).

The TYK2 pseudokinase domain also adopts the bilobate ki-
nase fold, and has high secondary structure similarity to the
published JAK1 and JAK2 pseudokinase domains (11, 13) (Fig.
24), as well as to an unpublished TYK2 pseudokinase in PDB
(PDB ID code 3ZON) (Ca rmsd of 0.5 A) (Fig. S3B). We also
find compound 7012 bound within the active site of the pseudo-
kinase. The overall hinge-binding mode is similar to that seen for
the kinase domain, with the pyridyl-amide moiety interacting with
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Fig. 2. Comparison of the TYK2, JAK1, and JAK2 pseudokinases. (4) Overlay
of the TYK2 pseudokinase domain (blue) with the pseudokinase from JAK1
(PDB ID code 4L00; gold) and JAK2 (PDB ID code 4FVQ; cyan). Protein chain is
shown as a cartoon model, with ligands shown as sticks (TYK2-bound com-
pound 7012 in magenta, JAK2-bound ATP in yellow). (B) Close-up view of the
TYK2 pseudokinase active site. Compound 7012 is shown in magenta, and the
positions of canonical kinase features colored [hinge: green; HGN (~“HRD")
motif: red; DPG (~"DFG") motif: orange; aC-helix salt bridge residues: cyan]. (C)
View of the exon 12 N-terminal segment of JAK2 compared with TYK2. Protein
chains are colored as in A, with the JAK2 exon 12 segment colored yellow.

Lupardus et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401180111/-/DCSupplemental/pnas.201401180SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1401180111

L T

/

1\

=y

residue Val690 (Fig. 2B and Fig. S4C). At the same time, com-
pound 7012 is rotated about 30° away from the pseudo-DFG
motif (DPG 759-761) and catalytic Lys (Lys642). A single residue
change at the bottom of the binding pocket (Gly1040 in kinase,
Ser758 in pseudokinase) likely forces the chloro-phenyl ring up-
ward, and this shift can be accommodated due to the more open
nature of the pseudokinase active site cleft (Fig. S4C).

As in the other JAK pseudokinases, the TYK2 pseudokinase is
lacking a number of the structural hallmarks of an active kinase.
Specifically, three key active site motifs, the aC helix Glu-p3 Lys salt
bridge, DFG, and HRD motifs are altered (Fig. 2B). The canonical
Glu-Lys salt bridge between the oC-helix and the p3-strand is
replaced by a Thr658-Lys642 pair that does not make contact. The
Asp/Phe/Gly (DFG) motif is replaced by Asp/Pro/Gly motif (resi-
dues 759-761), with the catalytic Asp residue deeply recessed inside
the kinase cleft as seen in JAK2 (11). The His/Arg/Asp (HRD) motif
isreplaced by His/Gly/Asn sequence (residues 732-734), with Asn734
replacing the canonical phosphate-binding aspartate and Gly733
replacing the activation loop-stabilizing arginine from HRD. Ad-
ditionally, the pseudokinase A-loop is 7 aa shorter than that of the
kinase domain (Fig. S44) and contains no potential tyrosine
phosphorylation sites. This shortened A-loop does not extend out
of the pseudokinase active site pocket, and instead forms a two-turn o
helix near its C-terminal end and packs against the C-lobe helices.

Another unique feature of the JAK family pseudokinases is
an extended N-terminal segment that starts on the back of the
N-lobe packed against the aC helix, crosses perpendicular to the
B4 strand, makes a single a-helical turn and enters the f1 strand
(Fig. 2C). This N-terminal conformation is conserved in JAKI,
JAK?2, and TYK2 pseudokinase structures, and is encoded by the
frequently mutated exon 12 in JAK2 (23). Comparison of the
exon 12 segment (residues 536-547) from JAK2 pseudokinase
structure (11) and our TYK2 structure (residues 579-591) shows
significant structural homology between the regions (Fig. 2C).
Importantly, this exon 12 segment in TYK2 forms a portion of
the pseudokinase—kinase interface (discussed below).

The Pseudokinase—Kinase Interface. The interaction between the
TYK2 pseudokinase and kinase domains is predominantly medi-
ated by the N-lobes of each domain, with the back of the pseu-
dokinase N-lobe interacting at a near 90° angle with the underside
of the kinase domain N-lobe f1-p3 sheet and the p2—3 loop, as
well as the hinge region and subsequent aD helix (Fig. 34). The
pseudokinase interface surface is primarily composed of residues in
the aC helix—p4 loop, the extended [37—[38 loop, and the N-terminal
exon 12 segment. Apprommately 1,460 A? of surface area is buried
between the two domains in a long stripe of interactions, which is
anchored by a hydrophobic center and ringed by several points of
polar contacts (Fig. 3 B and C). The core of the interface is rep-
resented by pseudokinase residue Phe672, which interacts with
a patch of hydrophobic residues (I1e900, Leu913, Met926, and
Tyr980) on the kinase side. Nearby, aC helix residue GIn664 as well
as Val665 and Ser666 interact with Tyr980, Pro982, and Leu983 in
the kinase hinge. Several residues in the extended pseudokinase f7-
B8 loop also make contact with the kinase, including a salt bridge
between Arg744 and Asp921 in the kinase p2—$3 loop, and a hy-
drogen bond between Lys756 and the backbone carbonyl of
Gly922 (Fig. 34). Contacts between the pseudokinase exon 12
segment (TYK2 residues 579-591) and the kinase domain in-
clude His582 with Arg901, as well as Leu579 and Ser580 contacts
with Leu983, Tyr989, Arg992, and His993 (Fig. 34). This contact
interface, in which the pseudokinase binds the kinase N-lobe and
hinge directly adjacent to the active site, may limit the confor-
mational mobility of the active site required for catalysis.

Tumor-Derived JAK Mutations Cluster Near the Pseudokinase—Kinase

Interface. To investigate the possibility that cancer-associated,
activating JAK mutations are concentrated in the pseudokinase—
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Fig. 3. The TYK2 pseudokinase—kinase interaction. (A) (Upper) Overview of
the pseudokinase-kinase complex. The pseudokinase is colored in blue, and
kinase is colored in tan. (Lower) Zoomed-in view of the pseudokinase-kinase
interface. The pseudokinase is shown facing up as a blue semitransparent
molecular surface, with the kinase in front shown as tan worm and stick side
chains. Pseudokinase residues within 4.5 A of the kinase domain have side
chains displayed as dark blue sticks (with tan surface). (B and C) Open-book
view of the pseudokinase—kinase interface. Surface representations of the
pseudokinase (B) and kinase (C) domains, colored as in A with surfaces
within 4.5 A of the partner domain outlined and highlighted the opposite
color. Residues found in the interface are labeled.

kinase interface, we compiled a comprehensive list of human
JAK mutations from the literature for mapping onto our struc-
ture (Table S2). These include mutations in JAK1, JAK2, and
JAK3 that are primarily associated with MPNs and hematologic
malignancies, but include some solid tumors. Highlighting these
mutations on a sequence alignment of the four human JAKs
(Fig. 44) confirms that the bulk of the point mutations (green)
and deletions (orange) map to the N-lobe of the pseudokinase.
A second subset can be found in the N-lobe of the kinase domain
(magenta), whereas a third subset includes the JAK2 exon 12
deletions near the N terminus of the pseudokinase domain (yel-
low). A fourth subset of mutations (cyan) reside outside these
regions in the pseudokinase C-lobe, pseudokinase—kinase linker,
or kinase C-lobe.

We then mapped a representative set of these mutations onto
the corresponding residues in our TYK2 pseudokinase—kinase
structure (Fig. 4 B and C). Remarkably, nearly all of these pseu-
dokinase N-lobe mutations were found in or close to the in-
terface with the kinase (Fig. 4B). Many cluster on the back side
of the N-lobe, including a number of JAK1 and JAK2 point
mutations that are found C-terminal to the pseudokinase aC
helix (JAK1 S646F, H647Y, V651M, Y652H, L653F; JAK2 R564L
and L611S), a JAK2 deletion/insertion region (JAK2 del682-686),
as well as homologous Arg point mutants in JAK1 (R724H)
and JAK3 (R657Q). The JAK2 exon 12 deletions map to the
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Fig. 4. Cancer-associated JAK alleles map to the TYK2 pseudokinase—kinase interface. (A) Sequence alignment of the four human JAKs, with cancer-associated
JAK alleles colored according to the type of mutation. For the pseudokinase, point mutants are shown in green, deletions are shown in orange, and the exon 12
segment is shown in yellow. For the kinase, point mutants are shown in magenta. Mutations outside the N-lobes of the pseudokinase or kinase are shown in cyan.
Residues found within the pseudokinase and kinase interface are boxed and shaded in tan and blue, respectively. Protein secondary structure is also shown above
the sequences, with a-helices shown as cylinders and p-sheets shown as rectangular arrows. (B and C) Open-book surface views of the pseudokinase (B) and kinase
(C) domains, with select JAK alleles mapped onto the models. Mutations are colored as in A. The perspective shown is identical to that displayed in Fig. 3 Band C.

N-terminal segment of the pseudokinase in and near the inter-
face with the kinase domain. Interestingly, a number of mutations
also occur adjacent to the interface, including JAK2 V617F, JAK2
D620E, JAK3 A593T, a JAKI deletion (624-629insW), and in-
ternal point mutants that occur in the aC helix of JAK1 (A634D)
and JAK3 (A572V). On the kinase side, mutations are found in
the region near the “left side” of the active site cleft (Fig. 4C).
This includes a number of mutations in the first three strands of
the kinase domain N-lobe (JAK1 R879/S/C/H; JAK2 R867Q,
D873N, T875N) and a proline-to-arginine (JAK2 P933R) muta-
tion in the kinase hinge. This striking result suggests these cancer-
associated mutations could disrupt this pseudokinase-kinase in-
terface, leading to the constitutive JAK activity associated with
these diseases.

Tumor-Derived TYK2 Interface Mutants Are Active in Vitro. To in-
vestigate the effect of disruption of the pseudokinase—kinase
interface on kinase activity in vitro, we introduced several rep-
resentative interface mutations found in JAK-driven malignan-
cies into the TYK2 pseudokinase-kinase construct (residues
566-1187) and tested their enzymatic activity. These mutations
included V678F, a mimic of the JAK2 V617F mutation (19);
R744G, which falls in a region mutated in JAK1, JAK2, and
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JAK3-driven malignancies (26-31); R901S, a mimic of the R879S/
C/H mutation found in the JAK1 kinase N-lobe (26); and
a deletion of residues Q586 and K587, designed to mimic a JAK2
exon 12 deletion (23). As a positive control, we also generated
a TYK2 kinase domain construct (residues 885-1176) and com-
pared the activity of the isolated kinase domain with the wild-type
pseudokinase—kinase protein (Fig. 5). The wild-type pseudokinase—
kinase construct was ~100-fold less active than the kinase do-
main alone, recapitulating a similar effect reported for JAK2
(14) and indicating that the pseudokinase has a direct role in
inhibiting TYK2 enzymatic activity. Comparison of the four
TYK?2 analogs that mimic JAK-associated mutations showed that
all of the mutants were more active than wild type pseudokinase—
kinase, with the R744G and R901S mutants approaching levels of
activity seen for the isolated kinase domain (Fig. 5). These data
indicate a higher level of enzymatic activity is induced by mutations
in the interface between the pseudokinase and kinase domains
of TYK2.

We also assessed the phosphorylation state of the pseudoki-
nase-kinase constructs by mass spectrometry after purification
from insect cells. The TYK2 kinase domain contains two sites of
tyrosine phosphorylation, Y1054 and Y1055, which reside in
the activation loop and are phosphorylated during insect cell
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Fig. 5. TYK2 pseudokinase-kinase mutants analogous to cancer-associated
JAK alleles are active in vitro. The activity of the kinase domain of wild-type
TYK2 (KD, residues 885-1176) was compared with the pseudokinase and ki-
nase domains of wild-type TYK2 (wt, residues 566-1187) as well as a number of
pseudokinase-kinase interface mutants (V678F, R744G, R901S, and delQ586/
K587). Specific activity was measured in an assay monitoring phosphorylation
of a synthetic peptide derived from the JAK3 sequence and calculated based
on the percentage conversion to phosphorylated product over time and the
concentration of TYK2 used. Values shown have units of nanomolar concen-
tration of product formed per minute per nanomolar concentration of TYK2
and are the mean of more than five measurements + SD.

expression of the isolated kinase domain (32). We found that the
interface mutants and isolated kinase domain all showed signif-
icant fractions of singly and doubly phosphorylated species,
whereas the wild-type pseudokinase—kinase was completely
unphosphorylated, as we see in the crystal structure (Fig. S5).
A likely explanation for the presence of phosphorylation is
that the pseudokinase-kinase mutants are active and trans-
autophosphorylate during expression in the insect cells, whereas
the wild-type pseudokinase—kinase is held inactive and unable to
autophosphorylate. We then purified the unphosphorylated
fraction of the V678F and R744G mutant proteins by anion ex-
change chromatography (Fig. S6) and found the nonphosphorylated
mutants to be inactive (Fig. S7), agreeing with a published study
showing phosphorylation is required for TYK2 kinase activity in
vitro (32). These phosphorylation-state studies show the role of the
pseudokinase is to inhibit activity of the kinase domain, with the
kinase able to transautophosphorylate and become activated when
interface mutations disrupt the autoinhibited state.

Discussion

In the past decade, mutant alleles of the JAK kinases (in par-
ticular JAK1, JAK2, and JAK3) have been linked to the de-
velopment and progression of myeloproliferative diseases and
hematological cancers. Here, we have described the structure of
the human TYK2 pseudokinase—kinase module and show that
the pseudokinase and kinase participate in an interdomain in-
teraction between their respective N-lobes. Most clinically rele-
vant N-lobe pseudokinase and kinase mutations cluster in
or near this interdomain interface, strongly suggesting this
complex represents a physiological autoinhibitory conformation.
Although oncogenic mutations have so far been found exclu-
sively in JAK1, JAK2, and JAK3 (Table S2), our data and others
(19) clearly demonstrate that homologous mutations can also
convert TYK?2 into a constitutively active kinase. The high fre-
quency of MPN-inducing mutations found in JAK2 (and to
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a lesser extent JAK1) likely speaks to the oncogenic potential of
specific STAT signaling pathways these kinases activate. How-
ever, the evidence that homologous mutations can confer activity
to the TYK2 pseudokinase—kinase module suggests that TYK2
can be used as a surrogate system for understanding pseudoki-
nase-mediated regulation of the JAK family kinases.

Although a number of JAK mutations lie directly in the
pseudokinase—kinase interface, it is important to note that many
lie adjacent to the interface or within the hydrophobic core of the
N-lobe. This “second shell” of mutations includes the most
clinically relevant changes, such as JAK2 V617F and many of the
exon 12 mutations. However, structural analysis suggests that
these mutations could still have a significant effect on the ability
of the pseudokinase and kinase to form a stable, autoinhibitory
interaction. For example, insertion of an aromatic residue at the
V617 location (V678 in TYK2) would likely disrupt the structure
of the exon 12 residues at the pseudokinase—kinase interface
(Fig. 6). Indeed, a recent structure of the JAK1 pseudokinase
suggests that insertion of a phenylalanine at the analogous JAK1
position (V658) induces remodeling of a highly conserved Phe
residue (F575) in the N-terminal exon 12 segment (13). It has
also been shown that any number of large hydrophobic residues
in place of V617 can activate JAK?2 (33), whereas replacement of
the V617-adjacent aromatic residue F595 with a smaller aliphatic
residue can reverse the increased activity conferred by V617F
(34), suggesting that simple steric disruption of the packing near
JAK2 V617 and exon 12 can relieve inhibition. Bulky sub-
stitutions in the pseudokinase aC-helix (e.g., JAK1 A634D,
JAK3 AS572V or A573V) or exon 12 deletions and insertions
may also relieve autoinhibition in a similar manner to the V617F
mutation (Fig. 6). Interestingly, our activity data suggest the
V678F and exon 12 (delQ586/K587) mutants have lower activity
than the interface mutants R744G and R901S (Fig. 5), suggest-
ing mutations peripheral to the interface may have lower acti-
vating potential than interface mutants. Taken as a whole, these
data imply that V617 and other “second-shell” alleles may dis-
rupt the autoinhibited dimer by remodeling N-terminal pseu-
dokinase residues found in the kinase interface.

On the other side of the interface, all known kinase N-lobe
mutations participate directly in interdomain interactions. Save
the JAK2 R867Q position (C915 in TYK2), the residues on the
kinase side that are mutated in JAK-associated cancers are
conserved in TYK2. Interestingly, two residues found mutated in
JAK2 (D921 and T923 in TYK?2) reside in the kinase p2-p3 loop

pseudokinase NN j Ls08

=(JAK2 R564L)
L644-H649 V678

(JAK1 delL624- (JAK2V617F)
R629insW)

A654/T N,
(JAK1 A634D) (JAK3 A572V, A573V, M576L) rk[nase

A

Fig. 6. V617 and oaC-helix alleles carry “second-shell” mutations that may
disrupt the exon 12 segment. A close-up view of the TYK2 N terminus, which
corresponds to the JAK2 exon 12 segment that is frequently mutated in MPN
disorders. The TYK2 N-terminal segment is highlighted in yellow with side
chains shown as sticks. Point mutations in this region are highlighted in
green, with a JAK1 deletion highlighted in orange.
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and come in direct contact with the often-mutated arginine
at position 744 in the TYK2 pseudokinase. Although there are
fewer cancer-associated mutations found on the kinase side, this
may reflect the relative importance of kinase N-lobe residues for
substrate recognition or efficient catalysis.

A common theme in kinase regulation has been the role of
protein—protein interactions in modulating kinase activity, with
pseudokinases often playing a role (35). Interestingly, we find
that the structure of the TYK2 kinase domain in complex with
the pseudokinase is very similar to the structure of the kinase
domain alone, with the A-loop of the kinase domain in an
“active-like” conformation even in the absence of phosphoryla-
tion at tyrosine residues 1054 and 1055. This conformation
has previously been identified in crystal structures of the non-
phosphorylated TYK2 kinase domain (25). Moreover, the kinase
A-loop forms a crystal contact with the active site cleft of an
adjacent pseudokinase molecule, suggesting this active-like confor-
mation may be an artifact of crystal packing. Regardless, the pres-
ence of an active-like kinase conformation in our structure suggests
that the pseudokinase regulates the kinase domain by steric in-
hibition of ATP binding and/or a reduction in flexibility of the
kinase active site required for catalysis, rather than by blocking
substrate access, as found for SOCS3 (36).

Currently, it is unclear how the dimer we have characterized is
disrupted to activate the kinase domain. Because the TYK2 kinase
activation loop is found in an active conformation in our structure,
activation loop phosphorylation likely does not have a role in
regulating pseudokinase-mediated inhibition. Given that isolated
JAK kinase domains are significantly active (14, 32, 37) and
pseudokinase—kinase interface mutations increase kinase ac-
tivity, we speculate that, in the context of receptor-induced
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JAK dimerization, a displacement event, direct or perhaps allo-
steric, relieves the inhibitory influence of the pseudokinase domain,
allowing the kinase domain to autophosphorylate and become the
active phospho-transfer catalyst required for downstream signaling.

Methods

Human TYK2 constructs containing the wild-type or mutant pseudokinase and
kinase domain (residues 566-1187) or kinase domain alone (residues 885-
1176) were expressed in insect cells and purified by Ni affinity followed by
size exclusion chromatography. For crystallization, TYK2 pseudokinase—kinase
protein was concentrated to 10 mg/mL and crystallization drops set in the
presence of 1 mM compound 7012. Data were collected at 110 K at Stanford
Synchrotron Radiation Lightsource and Advance Light Source, and the
structure solved by molecular replacement using the coordinates of the TYK2
kinase domain. Coordinates and structure factors have been deposited in the
PDB under ID code 40LI.

TYK2 activity was measured by monitoring phosphorylation of a fluo-
rescently labeled synthetic peptide derived from the JAK3 protein sequence.
The peptide substrate in each reaction was electrophoretically separated
from phosphorylated product using a LabChip 3000 instrument and peak
heights detected and recorded. The specific activity of each TYK2 protein (i.e.,
nanomolar concentration of phosphorylated product formed per minute per
nanomolar concentration of TYK2) was calculated based on the percentage
conversion and the concentration of TYK2 used. See S/ Methods for full
crystallization and assay details.
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