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The Janus Kinase (JAK) FERM and
SH2 Domains: Bringing Specificity
to JAK-Receptor Interactions

Ryan Ferrao and Patrick J. Lupardus*

Department of Structural Biology, Genentech Inc., South San Francisco, CA, USA

The Janus kinases (JAKs) are non-receptor tyrosine kinases essential for signaling in
response to cytokines and interferons and thereby control many essential functions in
growth, development, and immune regulation. JAKs are unique among tyrosine kinases
for their constitutive yet non-covalent association with class | and Il cytokine receptors,
which upon cytokine binding bring together two JAKs to create an active signaling com-
plex. JAK association with cytokine receptors is facilitated by N-terminal FERM and SH2
domains, both of which are classical mediators of peptide interactions. Together, the
JAK FERM and SH2 domains mediate a bipartite interaction with two distinct receptor
peptide moatifs, the proline-rich “Box1” and hydrophobic “Box2,” which are present in
the intracellular domain of cytokine receptors. While the general sidechain chemistry
of Box1 and Box2 peptides is conserved between receptors, they share very weak
primary sequence homology, making it impossible to posit why certain JAKs preferen-
tially interact with and signal through specific subsets of cytokine receptors. Here, we
review the structure and function of the JAK FERM and SH2 domains in light of several
recent studies that reveal their atomic structure and elucidate interaction mechanisms
with both the Box1 and Box2 receptor motifs. These crystal structures demonstrate
how evolution has repurposed the JAK FERM and SH2 domains into a receptor-binding
module that facilitates interactions with multiple receptors possessing diverse primary
seqguences.
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INTRODUCTION

Cytokines are a large family of secreted proteins with wide-ranging effects on cell growth, hemat-
opoiesis, immunity, and inflammation (1, 2). Cytokines induce signaling by binding a specific set
of cognate transmembrane receptors, a process that is thought to be initiated either by de novo
dimerization of these receptors or by a conformational rearrangement of existing inactive receptor
dimers (3, 4). Assembly of a functional cytokine-receptor signaling complex results in the activation
and trans-phosphorylation of Janus kinases (JAKs), a family of cytoplasmic multi-domain tyrosine
kinases (5). The four members of the JAK family, JAK1, JAK2, JAK3, and TYK?2, are constitutively
associated with the intracellular domains of cytokine receptors. Activated JAKs phosphorylate
tyrosine residues within the cytokine receptor intracellular domains, which serve as binding sites
for the STAT (signal transducer and activator of transcription) transcription factors (6). Recruitment
of STATS to the receptor-JAK complex facilitates STAT phosphorylation by active JAKs, leading to
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STAT dimerization and translocation to the nucleus, where they
promote transcription of cytokine-responsive genes.

Cytokine receptors can be divided into the class I and class II
subfamilies based on structural similarities in both their ligands
and their receptor sequences (7). The class I cytokine receptor
family, which contains a conserved extracellular WSXWS motif
within the second FNIII domain of the cytokine-binding homol-
ogy region (8, 9), is made up of four subfamilies. Three of the
subfamilies, the common gamma (y.) family, the common beta
(B) family, and the gp130 family, are defined by their use of a
shared (or common) signal transducing chain for the formation
of homo- and hetero-oligomeric signaling complexes (10). An
additional subfamily of class I cytokine receptors, which includes
the growth hormone (GH) and erythropoietin (EPO) receptors,
signal as homodimeric pairs (8, 11). The class II cytokine receptor
family contains receptors for the type I, type II, and type III inter-
ferons as well as the IL-10 cytokine family (12). Each cytokine
receptor family interacts with and signals through a distinct sub-
set of JAKs. GH and EPO receptors signal solely through JAK2,
the f family through JAK2, the y. family through JAK1 and JAKS3,
and the gp130 and class II cytokine families through JAK1, JAK2,
and/or TYK2 (7).

The intracellular domains of cytokine receptors are largely
unstructured (13) and contain anywhere from several dozen to
several hundred amino acids. Signaling through cytokine recep-
tors was initially found to require the membrane proximal region
of the intracellular domain (14), which was subsequently further
defined as two distinct conserved motifs: a proline-rich segment
termed “Box1” and a hydrophobic segment approximately 20-40
residues downstream called “Box2” (15, 16). The JAK kinases were
identified in the early 1990s (17-20) and were quickly found to be
essential for mediating signaling downstream of cytokine recep-
tors (21-23). In addition to their C-terminal kinase domain, JAKs
also contain a pseudokinase domain (psKD), an SH2 domain, and
a FERM domain. Individual JAK family members were found to
physically associate with various cytokine receptors (24-27), and
the JAK FERM and SH2 domains were identified as essential for
mediating the JAK-receptor interaction (28-34). More recently,
the structure of the pseudokinase and kinase domains has been
solved, elucidating the structural basis for regulation of kinase
activity by the pKD (35-38).

Duetotheessential role of JAK-receptorinteractionsin cytokine
signaling, naturally occurring mutations in both cytokine recep-
tors and JAKs lead to immunodeficiency and myeloproliferative
disorders (39). An autosomal severe combined immunodeficiency
(SCID)-associated mutation, Y100C, is located in the hydropho-
bic core of the JAK3 FERM domain. This mutation disrupts the
interaction with the y. receptor chain and leads to constitutive
JAK3 phosphorylation, likely due to aggregation-induced trans-
phosphorylation of the destabilized JAK3 (40). Additionally,
nonsense mutations that result in a truncated y. lead to X-linked
SCID, and the 1L.271Q mutation in the Box1 of y. causes a more
moderate form of X-linked combined immunodeficiency (41,
42). Despite a substantial amount of research performed on
understanding the essential components of both the receptor
and kinase, the molecular underpinnings of the JAK-receptor
interaction have remained elusive. This review will focus on the

recent advances in our understanding the molecular structure of
JAK-receptor complexes.

STRUCTURE OF THE JAK FAMILY FERM-
SH2 RECEPTOR INTERACTION MODULE

An atomic-level structural model of the JAK FERM and SH2
domains and the mechanism of JAK interaction with receptors
remained elusive until recently, largely due to the intractabil-
ity of JAK protein crystallization due to poor expression and
solubility (43). Copurification with a stabilizing receptor enabled
an initial X-ray crystal structure of the human TYK2 FERM and
SH2 domains in 2014 (44) followed by crystal structures of the
human JAK1 (45, 46) and JAK2 (47) FERM-SH2 fragments
in 2016. These structures surprisingly revealed that the JAK
FERM and SH2 domains are tightly associated to form a single
receptor-binding module (Figures 1A-D). The overall structural
organization of the JAK FERM is similar to canonical FERM
domains and consists of three subdomains, the ubiquitin-like
F1, acyl-CoA-binding protein-like F2, and pleckstrin homology
domain-like F3, using the FERM domain terminology estab-
lished for focal adhesion kinase (FAK) (48). These subdomains
pack into a canonical trilobed FERM architecture (Figure 1A).
While the overall domain topology is conserved when compared
to FERM domains from the ezrin/radixin/moesin and FAK
families, JAK FERMs posses several unique differences that
enable an intimate interaction with the SH2 domain. First, an
elongated linker, L1, connects the F1 and F2 domains and forms
a large part of the interaction surface between the FERM and
SH2 domains. In classical FERMs, L1 is typically between 13 and
15 residues but has extended to between 29 and 42 residues in
JAKs. In addition to the L1, the SH2 domain packs against the
Fl-al helix, the highly conserved F3-SH2 linker (L2) and the
SH2-pKD (L3) linker (44).

The F2 subdomain of the JAK FERM also deviates significantly
from classical FERM domain structure. Additional residues
in the linker between F2-al and F2-a2 allow for the extension
of the N-terminal end of F2-a2 helix by one turn in JAK2 and
two turns in TYK2 and JAK1 (Figure 2A). The C-terminal end
of the F2-a2 and the N-terminal end of F2-a3 helices are also
extended by one turn in JAK FERMs. The elongation of these two
helices is likely related to the ability of the JAK FERM domains
to utilize this interface to bind to cytokine receptors (discussed
below). Additionally, the F2-a3 helix of JAKs is highly basic
(44, 45), while in canonical FERM domains this chemical char-
acter is not preserved (49). The basic residues in this helix create
a large positively charged patch on the JAKs, which may enable
favorable interactions with the plasma membrane.

The core structure of the JAK F3 subdomain is highly similar
to that of canonical FERM domains, consisting of a four-stranded
B-sheet (P1-P4) sandwiched against a three-stranded p-sheet
(B5-P7) followed by an a-helix (F3-al) (Figure 2B). Yet interest-
ingly, several loops within the F3 subdomain vary significantly
between the JAK isoforms [for a comprehensive alignment
of JAK family members, see Ref. (44)]. The first loop, between
F3-B1 and F3-P2 strands, contains 12 amino acids in JAK2 and is
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FIGURE 1 | Comparison of Janus kinase (JAK) FERM/SH2 domains. (A) Cartoon depiction of a JAK FERM and SH2 module bound to a receptor, illustrating
receptor recognition principles discovered in recent crystal structures, followed by representations of crystal structures solved for (B) TYK2 (PDB ID 4PO8), (C) JAK1
(PDB ID 5L04), and (D) JAK2 (PDB ID 4232). The F1, F2, and F3 FERM subdomains are colored in various shades of orange, green, and blue, respectively. SH2
domains are colored in various shades of pink. Linkers L1, L2, and L3 are colored in various shades of gray. The IFNART receptor peptide is colored blue, and the
IFNLR1 is in yellow.

TYK2 Radixin

FIGURE 2 | Comparison of Janus kinase (JAK) and ERM family FERM domains. (A) Comparison of the FERM F2 subdomains of TYK2 (orange) and radixin
(blue, PDB ID 1GC7). TYK2 and radixin F2 domains were superposed in PyMol with a root-mean-square deviation of 2.98 A over 545 atoms. (B) Comparison of the
F3 subdomains of JAK?2 (top left, teal), JAKT (top right, green), TYK2 (bottom left, orange), and radixin (bottom right, blue, PDB ID 1GC7).
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largely disordered in this crystal structure (Figure 2B, top left).
In JAKI, the F3-$1/p2 loop contains 22 amino acids and forms
a P hairpin that packs against F3-p7, extending the p-sheet by a
single strand, F3-p1’ (Figure 2B, top right). In TYK2, the loop is
35 amino acids and also forms a single strand that packs against
F3-B7, with an additional loop visible (Figure 2B, bottom left).
The C-terminal half of the linker in TYK2 is unstructured. The
large insertions at this position are specific to JAK family FERM
domains, as classical FERM domains contain only a short loop at
this position (Figure 2B, bottom right). An additional disordered
loop of variable length is located in between F3-B3 and F3-p4.
F3-B3/p4 linker lengths are 12, 34, and 44 amino acids in JAK2,
JAK1, and TYK2, respectively. These insertions are also not pre-
sent in canonical FERM domains. Interestingly, both the length
and sequence identities of these JAK F3 insertions are highly
conserved between all higher eukaryotic species.

The overall structure of the JAK family SH2 domain is
reminiscent of a canonical phosphotyrosine (pTyr)-binding SH2
domain, consisting of a central f-sheet flanked by two a-helices.
In canonical SH2 domains, two loops flanking the SH2-aB helix
form a hydrophobic groove that is the binding site for specificity
determining residues at positions +3 and +5 relative to the pTyr
(50). In the JAK SH2 domain, the SH2-EF loop and a p-hairpin
formed by SH2-PG1 and SH2-BG2 create a large hydrophobic slot
that is key for receptor Box2 binding (discussed below). In addi-
tion, the conserved, phosphate-coordinating arginine residue
located at the base of the pTyr binding pocket is conserved in all
JAKs except TYK2, where it has been replaced with a histidine
residue.

THE STRUCTURE OF TYK2 BOUND
TO IFNAR1 BOX2

Structural studies of the JAKs bound to their receptors have
historically been hampered by poor expression and solubility of
the JAKs as well as weak affinities for their receptors. To overcome
these biochemical hurdles, a construct containing a juxtamem-
brane peptide from IFNARI fused to the C-terminus of the TYK2
FERM and SH2 domains was used to generate the TYK2-IFNAR1
complex (44). Prior studies had shown that IFNAR1 is not traf-
ficked to the cell surface in the absence of TYK2 (51), suggesting
a strong constitutive interaction between these two molecules.
This approach greatly enhanced the expression and solubility of
the TYK2 FERM-SH2 and enabled crystallization of TYK2 with
a peptide encompassing the Box2 sequence (residues 478-512)
of IFNARI (44). Importantly, this structure revealed the Box2
of IFNARI bound in an extended conformation to a composite
interface on the surface of the TYK2 FERM-SH2, with the bulk of
the peptide interacting with the SH2 domain (Figure 3A).

The overall topology of the IFNAR1 Box2 interaction with
TYK2 resembles that of a pTyr-containing peptide bound to an
SH2 domain and can be broken down into three sections, all
of which are important for stable interaction with TYK2 (44).
At the N-terminus of the Box2 motif, triplet leucine residues,
Leu490, Leu491, and Leu492, participate in a key interaction by
packing against a hydrophobic groove formed between F2, L1,

and F1 (Figure 3A, top panel). The next segment of IFNARI
binds to what would be the pTyr binding pocket in a canonical
SH2 domain (Figure 3A, middle panel). However, in place of a
pTyr residue, a conserved glutamate (Glu497) is placed in the
pocket. In TYK2, the arginine residue responsible for forming
a salt bridge with the phosphate group in classical SH2 domain
interactions is replaced with a histidine residue (His474), which
does not participate in the interaction with IFNARI. Instead, the
sidechain carboxylate of Glu497 forms hydrogen bond interac-
tions with residues Ser476 and Thr477 of TYK2, mimicking a
subset of the contacts normally made by the phosphate group
(Figure 3A, middle panel). TYK2 is unique among human JAKs,
as all other family members maintain an arginine at this position,
although mutagenesis of this Arg has been shown to not affect
subcellular localization or function (52). In the third segment,
the hydrophobic Box2 sequence of IFNARI forms a short f
sheet with the fG1 strand of the TYK2 SH2 domain (Figure 3A,
bottom panel). Two hydrophobic residues located at the +5 and
+7 positions relative to Glu497, Cys502 and Ile504, pack into the
hydrophobic groove formed between the SH2-EF loop and the
SH2-BG1/2 hairpin. Importantly, this interaction is primarily
mediated by backbone H-bond and aliphatic sidechain van der
Waals interactions, therefore revealing how JAK SH2 domains
can bind a range of Box2 sequences that contain aliphatic residues
in the first and third positions.

THE JAK1 FERM DOMAIN INTERACTION
WITH BOX1 SEQUENCES FROM CLASS II
RECEPTORS

The structure of TYK2 bound to IFNARI only revealed the
binding site for residues near the Box2 peptide; therefore, further
structural characterization was required to elucidate the JAK
binding site for the Box1 motif. To this end, crystal structures of
the JAK1 FERM-SH2 bound to the Box1 of IFNLR1 and IL10R1
were determined (45), utilizing a co-expression and screening
approach to identify tight binding receptors amenable to crystal-
lization. Rather than expressing the FERM-SH2 and receptor as
a fusion as with TYK2 and IFNARI, the JAK1 FERM-SH2 and
receptor were co-expressed as His and GST tag fusion proteins,
respectively. This method identified IFNLR1 and IL10RI as
receptors that bound with high enough affinity to enable copu-
rification of a JAK-receptor complex that could be utilized in
crystallization trials (45).

Importantly, these structures revealed a novel binding site for
the Box1 motif of class II cytokine receptors. The Box1 of IFNLR1
binds to the F2 subdomain of the JAK1 FERM, in a cleft formed
by helices F2-a2, F2-a3, and F2-o4 (Figure 3B). Interestingly, the
location of the Box1 binding site was previously hypothesized,
based on CONSURF-predicted sequence conservation within that
region (53) and the effects of F2 destabilization on receptor bind-
ing (54). Like the IFNARI Box2 peptide interaction with TYK?2,
the IFNLR1 Boxl1 interface with JAK1 can be subdivided into
multiple distinct interaction sites. The first is defined by Pro256,
Trp257, and Phe258, which fold into a 3y helix that facilitates the
insertion of Trp257 into a deep groove formed by the F2-a2 and
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FIGURE 3 | Detailed views of the interactions between TYK2-IFNAR1 Box2 and JAK1 IFNLR1 Box1. (A) Overview of the interaction between TYK2 FERM
and SH2 (colored as in Figures 1A,B) domains in complex with the IFNAR1 Box2 region (left, PDB ID 4PO6). Detailed interactions are shown for three regions of the
TYK2-IFNAR1 complex (right panels). In the N-terminal tri-leucine region, Leu490, Leu491, and Leu492 of IFNAR1 pack against a hydrophobic groove between the
TYK2 F1 (tan), L1 (gray), and F2 (orange) domains (top panel). In the center of the interaction, Glu497 of IFNAR1 forms hydrogen bonds with Serd76 and Thr477
(middle panel). At the C-terminus of IFNAR1, Cys502 and lle504 insert into a groove between the p-G1/2 hairpin and EF loop of the TYK2 SH2 domain (bottom
panel). (B) Overview of the bipartite interaction between JAK1 FERM and SH2 (colored as in Figure 1C) domains in complex with the IFNLR1 Box1 region (left,
5IXD). Detailed interactions are shown for two regions of the JAK1-IFNLR1 complex (right panels). At the first site, IFNLR1 residue Trp257 inserts itself into a groove
between JAK1 F2-a2 and F2-a3 (top panel). At the second site, hydrophobic residues Pro264, Leu267, and Phe269 of IFNLR1 pack into a groove formed by JAK1
F2-a2, F2-a3, and F2-a4 (bottom panel).
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a3 helices (Figure 3B, top panel). Following Phe258, the IFNLR1
Box1 breaks contact with JAKI, rejoining at a second site defined
by the motif PxxLxF (45). This motif folds into a second 3y, helix,
aligning Pro264, Leu267, and Phe269 into a hydrophobic ridge
that interacts with a groove formed by the F2-02, a3, and a4
helices in the JAK1 FERM domain (Figure 3B, bottom panel).
The proline and leucine residues found in this PxxLxF motif are
completely conserved in all type II cytokine receptors, while the
phenylalanine is a favored residue (Figure 4) (45). Indeed, in a
second structure of a hybrid receptor formed by an N-terminal
fusion of IFNLR1 “PWF” motif with the ILI0R1 Box1 “PxxLxF”
and Box2 motifs, the IL10R1 Box1 sequence (PSVLLF) bound
in a nearly identical conformation to that seen for IFNLRI (45).

Unlike TYK?2, the JAK1 FERM-SH2 domain was soluble when
purified in the absence of a receptor, enabling biophysical studies
of receptor binding and granular dissection of the Box1 interac-
tion. Quantitative biophysical measurement of the interaction
between JAKI and IFNLRI peptide containing both Box1 and
Box2 by Biolayer Interferometry established a binding affinity
(Kp) of 70 nM. The isolated IFNLR1 Box1 binds to JAK1 with an
affinity of 1.2 uM, while the isolated Box2 does not measurably
interact (45). These results indicate that while both Box1 and
Box2 contribute to the JAK-IFNLRI1 interaction, Box1 is the
primary driver of the interaction. At this point, it is unknown
if this observation will apply to interaction between other JAKs
and receptors.

STRUCTURE OF JAK1 BOUND
TO IFNLR1 BOX1 AND BOX2

An important second crystal structure of the JAK1 FERM-SH2
bound to a peptide containing both the Box1 and Box2 domains
of IFNLRI has also been published (Figure 5A) (46). This
structure, which was produced using the JAK1 FERM-SH2
linked to the IFNLRI1 peptide at the C-terminus, for the first time
demonstrates simultaneous binding of both Box1 and Box2 sites
to a single JAK monomer. The model obtained from this structure
confirms both the Box1 interaction site identified for JAK1 as well
as authenticates key conserved features of the Box2 interaction
identified in the TYK2-IFNARI structure (44). In addition, it
corroborates the affinity measurements that indicate IFNLR1
Box1 and Box2 cooperate to create a high affinity 1:1 interaction
with JAKI (45).

Asmentioned above, the structure of the IFNLR1 Box1 region
isnearlyidentical to that of previously solved structures of JAK1-
IFNLRI and JAK1-IL10R1 Box1 peptides (45). Five additional
linker residues that bridge the Box1 and Box2 regions are also
presentin the structure, although the electron density is relatively
weak for this region due to a lack of peptide contacts with JAK1.
More importantly, the key features of the JAK1-IFNLR1 Box2
region are conserved to the TYK2-IFNARI structure, yet with
several notable differences (Figure 5B). First and foremost, like
IFNARI, IFNLR1 also contains a glutamate residue (Glu285)
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FIGURE 4 | Alignment of Box1 and Box2 motifs from Janus kinase (JAK)-interacting cytokine receptors. The juxtamembrane intracellular sequences from
all known signaling receptors that interact with JAKs were aligned by their Box1 proline motifs. Receptors are grouped by class | and class II, followed by
subgroupings by either the JAK they interact with (class Il) or by subfamily (class I). Due to the low sequence homology between receptors, the alignments were
produced by hand, and the residues colored in order to highlight some of the shared features of the receptors. Hydrophobic residues within the Box1 region are
colored in blue and prolines in yellow. For the Box2 region, putative four-residue hydrophobic motifs (aliphatic-X-aliphatic-X) are colored in blue, with glutamate
residues three to seven residues N-terminal to these motifs are colored in purple. Receptors with known structures (IFNART, IFNLR1, and IL10RA) are marked
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FIGURE 5 | JAK1 and TYK2 recognize the Box2 motif via a conserved mechanism. (A) Cartoon representation of JAK1 (colored as in Figure 1C) bound to
IFNLR1 receptor peptide (yellow) containing both the Box1 and Box2 motifs (PDB ID 5L04). For comparison, the IFNLR1 Box1 motif (orange) and the IFNAR1 Box2
(blue) are shown after superposition of JAK1 and TYK2, respectively. (B) Detailed comparison of the pTyr/Glu binding pocket of the TYK2 (PDB ID 4PO6), JAK1,
and SHP-2 (PDB ID 1AYA) SH2 domains. TYK2 (left) contains a histidine residue (H474) at the base of the pocket, while JAK1 and SHP-2 have an arginine at this
position that forms a salt bridge with either the glutamate in IFNLR1 or phosphate group in the PDGF receptor peptide. (C) Detailed comparison of the Box2 binding
groove of TYK2, JAKT, and JAK2. IFNART residues Cys502 and lle504 pack into a groove in the TYK2 SH2 domain between the $-G1/2 hairpin and EF loop (left).
In the JAK1/IFNLR1 structure, Leu290 and Leu292 pack into this groove (center). The SH2 domain of JAK2 (PDB ID 4Z32) maintains this conformation in the

that extends into the SH2-pTyr binding pocket (Figure 5B). Yet
unlikein TYK2, the canonical pTyr binding SH2 arginine residue
(Arg466) in JAK1 forms a salt bridge interaction with Glu285.
This closely approximates the interaction between the SH2
arginine and phosphate group in a canonical SH2-pTyr interac-
tion, represented here by the SHP-2/Pdgfrb complex structure
(Figure 5B). This interaction, while slightly different in topol-
ogy to the TYK2-IFNAR1 Glu497 interaction, further supports
the hypothesis that the JAK family SH2 domain evolved from
an archaic precursor that participated in conditional receptor
interactions regulated by phosphorylation (44).

Similarities between JAK1 and TYK2 peptide recognition
extend to other sites identified in the TYK2-IFNARI interaction.
The key “segment 1” leucine triplet found in IFNARI is changed
to an Ala-Thr-Phe sequence in IFNLRI, yet it maintains a similar
binding orientation. IFNLR1 Ala277 and Thr278 pack into the
F2/L1 pocket in a similar conformation to IFNARI Leu490
and Leu491, while Leu492 of IFNARI is replaced by Phe279 in
IFNLR1 and binds to the same pocket at the interface of the F1
and SH2 domains. While these binding triplets have a similar
interaction phenotype, the gap between the IFNAR1 Leu492/
IFNLR1 Phe279 residue and the SH2-interacting glutamate is six
residues in IFNLR1 rather than the five residues seen in IFNARI.

This has profound effects on the backbone positioning of the pep-
tide, which bulges out to accommodate the extra amino acid (46).
Additionally, the interaction between the hydrophobic Box2
and SH2 domain is conserved in the JAK1-IFNLRI structure
(Figure 5C). Like IFNAR1, the Box2 motif in IFNLR1 begins five
residues C-terminal to the conserved glutamate (Glu285), with
the +5 and +7 residues (Leu290 and Leu292) buried in a groove
formed by the SH2-EF loop and BG1 strand. The Box2 motif also
caps an antiparallel sheet formed with the pG1 and BG2 strands
via a number of backbone hydrogen bonds, in a similar manner
to that seen for the IFNAR1 Box2 peptide (44). This further rein-
forces the hypothesis that Box2 interactions are primarily driven
by main chain Box2-pG1 sheet formation and burial of aliphatic
sidechains into the hydrophobic core of the SH2 domain (44).

INSIGHTS INTO THE BASIS
OF JAK-RECEPTOR SPECIFICITY

The elucidation of FERM-SH2 structures from three of the four
JAK family members enables the comparison of receptor-binding
surfaces of each JAK (Figure 6A). Sequence analysis of the
receptor-binding interfaces on the FERM F2 and SH2 domains
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indicates a significant level of conservation among JAK family
members, suggesting that all JAKs utilize the two common inter-
faces described here to interact with their receptors (Figure 6A)
(44, 53, 55). While we are far from a complete understanding of
key binding determinants of all JAK-receptor interactions, there
are several differences between the JAK FERM F2 subdomains
that may create incompatibility with certain Box1 receptor
sequences. The most obvious example of this can be seen in
comparison of the positioning of the F2-a3 helix between JAK1,
TYK2, and JAK2. The F2-a3 helix conformation is conserved

¥ IFNLR1

Conserved

JAK2

Variable

JAK1

FIGURE 6 | Janus kinases (JAKs) use conserved surfaces to mediate
receptor interactions. (A) CONSURF analysis (55) of a ClustalO alignment
of 245 JAK homologs projected onto the surface of JAK1 (PDB ID 5L04).
Less conserved residues are colored in green, highly conserved residues are
colored purple. IFNLR1 (yellow) shown to illustrate highly conserved residues
at receptor-binding surface. (B) Superposition of JAK1 (green, PDB ID 5IXD)
and JAK2 (cyan, PDB ID 4Z32) with a root-mean-square deviation of 1.17 A
over 1,119 atoms to illustrate shift in position of the F2-a3 and F2-a2” helices
in JAK2.

between all JAK1 and TYK2 structures available thus far, while
the JAK2 F2-a3 deviates significantly (Figure 6B). A rotation of
the JAK2 F2-a3 results in a shift in the N-terminus of the helix,
allowing the formation of a salt bridge between Arg232 and
Glul76 and an inward translation of the F2-a2” helix. These
conformational changes close off the hydrophobic pocket that,
in JAK1, occupies W257 of IFNLR1. In addition to this change,
differences in the linker and F2-a2 helix length observed between
JAK1, TYK2, and JAK2 (Figure 1) along with sidechain varia-
tions within the peptide binding F2-a2/a3 interface suggest that
the Box1 conformation seen for IFNLR1 and IL1I0RA bound to
JAK1 may be specific to JAK1-class II receptor interactions. In
other words, the class II PxxLxF sequence may be a bona fide
JAK1-specific binding motif (Figure 4). Importantly, a different,
conserved Box1 PxP motif has been found to be critical for JAK
binding and functional signaling in various receptors, including
gp130 (15), GHR (56), G-CSFR (57), and EPOR (28) and can
seemingly interact with both JAK1 and JAK2 (Figure 4) (58). It
is possible that the PxP motif (along with surrounding residues)
has evolved to be a more degenerate JAK binding motif, which
could explain the ability of some receptors to seemingly interact
with multiple JAKs (58). Further structures of JAK1, TYK2, and/
or JAK2 bound to Boxl receptor fragments will be required to
answer the question of specificity versus degeneracy in JAK-Box1
interactions. Regardless, comparison of these structures suggests
that the F2 subdomain is a dynamic interaction domain that
can bind multiple receptor peptides, each potentially adopting a
distinct conformation.

With regards to the SH2 domain, the two structures that define
our understanding of SH2-Box2 interactions (TYK2-IFNARI1
and JAKI1-IFNLR1) show a remarkable level of conservation in
their interaction mechanisms given the low sequence homology
between receptors (Figure 4). Both receptors utilize glutamate
residues to interact with the vestigial pTyr binding pocket and
aliphatic Box2 motifs to cap a p-hairpin in the SH2 domain.
Importantly, in the apo structure of JAK2, the Box2 binding
groove is open and appears to be competent for Box2 binding
(Figure 5C, right panel). Therefore, with the examples in hand,
it seems likely that the Box2 interaction mechanism is conserved
across all JAK-receptor interactions. What is still unknown is
how much specificity the Box2 brings to a JAK-receptor interac-
tion, given the degenerate nature of Box2 interactions via main
chain hydrogen bonding and aliphatic contacts.

CONCLUSION AND PERSPECTIVES

In recent years, significant progress has been made in our under-
standing of the structure of JAK kinases. In addition to structures
of the FERM-SH2 modules and the mechanism of interaction
with the receptors described in this review, structural models for
the pseudokinase-kinase modules from TYK2 and JAK2 have
also been revealed, providing an explanation for the mechanism
of negative regulation by the pseudokinase as well as mutations
linked to myeloproliferative diseases present in the psKD (35, 36).
Additionally, the structure of the JAK2 kinase domain bound to its
negative regulator SOCS3 has provided details on the regulation
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of the JAK-STAT pathway (59). Yet, despite these advances, many
outstanding questions remain with regards to JAK FERM-SH2
domains and their interacting receptors. One major question is
whether the FERM-SH2 has a role in activation of the kinase
domain upon cytokine binding. For example, the dimerization
of FERM domains from FAK has been shown to be essential to
activation (60). FAK, like the JAKSs, is a multi-domain tyrosine
kinase containing a FERM and a kinase domain. The FAK FERM
domain interacts directly with the kinase domain to mediate
inhibition (61), and proximity-induced auto-phosphorylation
and activation of FAK is dependent on its dimerization (60).
Given that dimerization is a prerequisite to JAK activation, a role
for the FERM-SH2 module in kinase activation is an intriguing
possibility.

A second question is what role the enormous variation in
cytokine receptor intracellular sequences plays in JAK activation
(Figure 4). Even the earliest papers noted the lack of obvious
consensus sequences among the intracellular domains of cytokine
receptors (15). With several JAK-receptor structures now known
we understand more about how receptors interact with JAKs, but
itis still unclear why there is so much variation in JAK-interacting
sequences. What does seem clear is that this variation is impor-
tant and likely underlies important differences in JAK-receptor
affinity and conformation that affects kinase activation and sub-
sequent downstream signaling. For example, tryptophan residues
within the “interbox” region (between Box1 and Box2) have been
shown to disrupt JAK1 interaction and dominantly disrupt kinase
signaling (26, 62-64). Yet, these Trp residues, while conserved
within gp130 and EPOR isoforms, are not in the same position in
relation to one another or conserved to other cytokine receptors
(Figure 4). Mutations upstream of the Box1 sequence in gp130
and EPOR have also been identified that disrupt JAK signaling,
but not receptor binding (65, 66). This result suggests a role for
these membrane proximal sequences in facilitating proper JAK
positioning to enable kinase activation. Yet, these obviously
important residues are also not well conserved among receptors
(Figure 4). While many questions remain unanswered, each set
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