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Tyk2 and JAK1, members of the Janus kinase (JAK)
family of protein tyrosine kinases, are required for in-
terferon-a/b binding and signaling. Both enzymes are
associated with the interferon-a/b receptor, and upon
ligand binding, they undergo tyrosine phosphorylation
and catalytic activation in an interdependent manner.
To identify residues involved in Tyk2 regulation and to
understand the basis of the interdependence of Tyk2
and JAK1, six mutated versions of Tyk2 bearing single
or multiple point mutations in the tyrosine kinase do-
main were studied in a cell line lacking endogenous
Tyk2. The Y1054F/Y1055F substitutions in the putative
activation loop prevented ligand-dependent activation
of Tyk2, without abolishing its catalytic potential. The
K930R mutation in the ATP binding site generated a
kinase-negative protein, which however, still became
phosphorylated upon interferon-a treatment. The
Y1054F/Y1055F substitutions in this kinase-negative
Tyk2 abolished the induced phosphorylation. These re-
sults indicate that Tyk2 is activated by phosphorylation
on Tyr-1054 and/or Tyr-1055 and that this phosphoryla-
tion requires another kinase, most likely JAK1. While
the Tyk2 forms mutated on Tyr-1054 and Tyr-1055 or on
Lys-930 allowed some inducible gene expression, the
combination of the three point mutations totally abol-
ished signaling.

Tyk2 (1) belongs to the JAK1 family of intracellular protein-

tyrosine kinases (PTKs), which presently has three other mam-
malian members, JAK1 (2), JAK2 (3, 4), and JAK3 (5, 6), and a
Drosophila homologue, hopscotch (7). These PTKs of relative
molecular mass in the range of 120–130 kDa are unique in
having two tandemly arranged kinase domains: a carboxyl-
terminal, functional tyrosine kinase (TK) domain and an adja-
cent kinase-like (KL) domain of unknown function (see Fig. 1).
No other recognizable protein motifs (SH2, SH3, etc.) are pres-
ent, although there are five further regions of sequence homol-
ogy conserved among the family members (2).
The JAKs play a crucial role in signaling through cytokine

receptors, as was first demonstrated by their ability to comple-
ment the genetic defect of mutant cell lines unresponsive to
interferons (IFN); it was later found that ligand binding to
almost all known cytokine receptors induces the tyrosine phos-
phorylation of one or more JAK family members. The physical
association of these enzymes with a number of receptor chains
was also demonstrated, and deletions or mutations abolishing
this interaction were found to inactivate signaling (for recent
reviews, see Refs. 8 and 9).
One of the best characterized cytokine signaling pathways is

the one triggered by IFN-a/b. The involvement in this pathway
of two JAKs, Tyk2 and JAK1, was well established through the
study of the IFN-a unresponsive human mutant cell lines 11,1
and U4, lacking Tyk2 and JAK1, respectively (10, 11). Both
kinases have been shown to physically interact with compo-
nents of the IFN-a/b receptor complex (12): Tyk2 is associated
with IFNAR1 (13, 14), and JAK1 appears to associate with the
recently identified long form of IFNAR2, called IFNAR2-2 or bL
subunit (15–17). Moreover, a functional receptor requires the
presence of the two kinases, as shown by the IFN-a binding
defect of 11,1 and U4 cells (11, 18). We have recently reported
that both the amino-terminal region and the KL domain of
Tyk2 are required to restore high affinity binding sites for
IFN-a in 11,1 cells, but that there are some dynamic charac-
teristics of the binding which require the TK domain (19).
Whether the presence of the TK domain or rather the enzy-
matic activity of Tyk2 is required to reconstitute a fully active
receptor/ligand complex is unknown.
IFN-a/b treatment induces tyrosine phosphorylation and en-

zymatic activation of both JAK1 and Tyk2 (11, 20). Once acti-
vated, the JAKs initiate the IFN-a/b signaling cascade, whose
known steps are the phosphorylation of the receptor chains
(21–23), the recruitment, activation by tyrosine phosphoryla-
tion, homo/hetero-dimerization, and translocation of STAT2
and STAT1 to the nucleus where, through a 48-kDa subunit,
they bind to conserved DNA elements within the promoter of
IFN-responsive genes inducing their transcription (9).
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Stimulation of the activity of the JAKs as measured in vitro
correlates, in the intact cell, with an increase in their level of
tyrosine phosphorylation, suggesting, as for most receptor and
nonreceptor protein kinases, that the activity of these enzymes
is modulated by their relative level of phosphorylation. Several
details remain, however, to be clarified: 1) the identification of
the tyrosine residues critical for kinase activation/inhibition; 2)
the precise nature of the activating step, whether a conforma-
tional change and/or the juxtaposition of the kinases brought
about by the ligand-driven receptor chain clustering; and 3) the
spatial and temporal order of events and the precise role of
each individual JAK protein. To address some of these ques-
tions, we have generated and studied six mutant forms of Tyk2
bearing single or multiple mutations in the TK domain. All
mutant forms have been stably expressed in the Tyk2-deficient
11,1 cell line and the IFN-a response analyzed. Here we show
that Tyk2 enzymatic activity is regulated by phosphorylation
at Tyr-1054 and/or Tyr-1055 in the activation loop and that, in
response to IFN-a in the intact cell, this event is dependent on
the induced activity of another kinase, most likely JAK1.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—The mutant cell line 11,1 (also called
U1A) was described previously (18). Cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% heat-inactivated fetal calf
serum and 250 mg/ml hygromycin. Plasmid DNA transfections were
carried out using calcium phosphate as reported previously (18). Two
days after transfection, cells were seeded at 0.4–4 3 105 cells/90-mm
dish, in the presence of 450 mg/ml G418. Resistant colonies were ring-
cloned 2 weeks later and expanded. Survival in hypoxanthine/amino-
pterin/thymidine (HAT) medium was assayed in the presence of differ-
ent concentrations of Wellferon, a highly purified mixture of human
IFN-a subtypes (108 IU/mg of protein, Wellcome Research Laborato-
ries) (24).
Construction of Plasmids—Tyk2 cDNA (20) was subcloned in the

pRc/CMV-neo eukaryotic expression vector (In Vitrogen) to generate
pRc-Tyk2. The K930R mutant was obtained by a two-step polymerase
chain reaction-mediated mutagenesis (25) of pRc-Tyk2. Mutants
Y1054F/Y1055F, Y1068F, Y1145F, and Y1176F were obtained by oligo-
nucleotide-mediated site-directed mutagenesis of a Tyk2 cDNA PstI
fragment subcloned into a bacteriophage M13 vector (26). The se-
quences of the oligonucleotides are available on request. Mutagenized
fragments were reintroduced into pRc-Tyk2, and the final constructs
were sequenced (Sequenase kit, U. S. Biochemical Corp.) to confirm the
mutations and the integrity of the remaining sequence. The K930R/
Y1054F/Y1055F mutant was obtained by substituting a 2.3-kilobase
pair BssHII fragment from pRc-Y1054F/Y1055F into pRc-K930R.
Northern Analysis—Total RNA was extracted from subconfluent cul-

tures with guanidium thiocyanate (27). Ten mg of RNA/sample were
analyzed as described previously (19). Quantitation was performed with
a PhosphorImager (Molecular Dynamics).
Antibodies, Immunoprecipitation, and Western Blot Analysis—The

polyclonal Tyk2 antiserum used for immunoprecipitations was de-
scribed elsewhere (20). The T10-2 monoclonal antibody (Hybridolab,

Institut Pasteur) was used for detection in Western blot. Both antibod-
ies were raised against a GST fusion protein containing amino acids
289–451 of human Tyk2. The JAK1 antiserum was a gift of A. Zi-
emiecki. The anti-phosphotyrosine 4G10 antibody was purchased from
Upstate Biotechnology, Inc. Preparation of cellular extracts, immuno-
precipitations, and immunoblottings were carried out essentially as
described previously (19, 20). For anti-JAK1 immunoprecipitations,
cells were lysed in radioimmune precipitation buffer (50 mM Tris-HCl
pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS).
An ECLWestern blotting detection system (Amersham Corp.) was used
according to the manufacturer’s instructions.
In Vitro Kinase Assay—For the in vitro kinase assay, anti-Tyk2

immunoprecipitates were washed three times with ice-cold lysis buffer
containing 400 mM NaCl, once in kinase buffer (50 mM Hepes, pH 7.4,
10 mM MgCl2), and resuspended in kinase buffer containing 10 mCi of
[g-32P]ATP (3000 Ci/mmol, Amersham Corp.). 1 mg of a GST fusion
protein containing the entire cytoplasmic region of human IFNAR1
(GST-IFNAR1cyt) was added to the reaction as an exogenous substrate.
The GST-IFNAR1cyt construct was a gift from L. Ling. Phosphorylated
products were resolved on a 7% SDS-PAGE gel, transferred to Hy-
bond-C Super membrane (Amersham Corp.), visualized by autoradiog-
raphy, and quantitated by a PhosphorImager (Molecular Dynamics).

RESULTS

Four single point mutations and one double mutation were
generated within the TK domain or the carboxyl-terminal tail
of Tyk2 (Fig. 1). In mutant K930R the invariant lysine of the
ATP binding site within subdomain II of the TK domain (28)
was substituted with an arginine. In the other four mutants,
tyrosine residues were replaced with phenylalanines. Ty-
rosines at positions 1054 and 1055, replaced in mutant
Y1054F/Y1055F, lie in the so-called activation loop, which in
most PTKs contains well established sites of regulatory phos-
phorylation (28, 29). Tyr-1068 (mutant Y1068F) is in subdo-
main VIII, within a FWY motif conserved in the JAK family
and divergent from the generally found PTK motif (K/RWM/T).
The tyrosine residue at position 1145 is within the sequence
YHLM, which resembles YXXM, the optimal binding site for
the SH2 domain of the p85 subunit of the phosphatidylinosi-
tol-3 kinase (30). Lastly, we mutated Tyr-1176, whose location
in the Tyk2 tail recalls the carboxyl-terminal Tyr of the Src
family PTKs (e.g. Tyr-527 of pp60c-src). When phosphorylated,
this site regulates negatively the kinase activity of Src-like
enzymes (31, 32).
The wild-type (wt) and the mutant cDNAs, cloned in the

pRc/CMV-neo expression vector, were stably transfected in the
Tyk2-deficient cell line 11,1. Tyk2 expression level was ana-
lyzed by Western blot in independent neomycin-resistant (neor)
clones arising from each transfection. Clones expressing com-
parable levels of Tyk2 protein were chosen for further studies.
In Vivo Tyrosine Phosphorylation and in Vitro Kinase Activ-

ity of Tyk2 Mutant Forms—We first tested the effect of the

FIG. 1. Point mutations in the tyrosine kinase domain of Tyk2. Diagram of human Tyk2: the positions of the amino-terminal region N, the
kinase-like domain KL, and tyrosine kinase domain TK are indicated. The amino acid sequence surrounding the introduced mutations (arrows) is
presented: the FWY motif, unique to the JAK family, and the YHLM motif, a putative binding site for the p85 subunit of the phosphatidylinositol
3-kinase, are underlined; roman numbers identify the conserved subdomains of PKs (28); the flag delimits the end of the kinase domain and TAIL
indicates the carboxyl-terminal tail.
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different point mutations on the in vivo phosphorylation state
and the enzymatic activity of Tyk2. Cells expressing the wt or
the mutated proteins were left untreated or treated with
IFN-a, and Tyk2 immunoprecipitates were either analyzed by
blotting with antibodies against phosphotyrosine or subjected
to an in vitro kinase assay. The level of phosphorylation and
the kinase activity of wt Tyk2 and mutants Y1145F, Y1176F
(Fig. 2), and Y1068F (data not shown) were all comparably
increased in response to IFN-a. Although in this experiment
the in vivo phosphorylation of mutant Y1176F is barely detect-
able in noninduced cells, further analysis confirmed a basal
level of phosphorylation comparable to the wt protein.
In contrast, the in vivo phosphorylation state of the Y1054F/

Y1055F mutant protein was unchanged by IFN-a addition (Fig.
3A, lanes 3 and 4). In vitro, the basal autophosphorylation and
the phosphorylation of an exogenous substrate, here a GST
fusion protein containing the cytoplasmic region of IFNAR1
(GST-IFNARcyt) (33), could not be enhanced by IFN-a treat-
ment (Fig. 3B, lanes 3 and 4). Similar results were obtained for
two other Y1054F/Y1055F transfectants expressing different
amounts of the mutated protein (data not shown). These data
suggest that phosphorylation of Tyr-1054 and/or Tyr-1055 oc-
curs upon IFN-a treatment and is responsible for the enzy-
matic activation of wt Tyk2. Quantitation of the data presented
in Fig. 3B showed that the auto- and substrate-phosphoryla-
tion activity of mutant Y1054F/Y1055F was half of the activity
of the wt protein in noninduced cells.
The K930R mutant, bearing a mutation in the ATP binding

site, is catalytically inactive (Fig. 3B, lanes 5 and 6). This
protein is not basally phosphorylated, while the wt and the
Y1054F/Y1055F proteins are (Fig. 3A), suggesting that auto-
phosphorylation is responsible for the basal level of phospho-
rylation. On the other hand, the K930R protein becomes phos-
phorylated upon IFN treatment while the phosphorylation of
the Y1054F/Y1055F protein does not change (Fig. 3A), indicat-

ing that another kinase is responsible, at least in part, for the
IFN-induced phosphorylation. To confirm that this induced
phosphorylation occurs on tyrosines 1054 and/or 1055, we con-
structed a triple Tyk2 mutant, containing the K930R and the
Y1054F/Y1055F substitutions. Clones expressing levels of the
K930R/Y1054F/Y1055F protein comparable to that of the other
transfectants were analyzed for the in vivo phosphorylation
state of the protein. As predicted, no basal nor induced phos-
phorylation of this mutant form could be detected (Fig. 4).
Mutant Y1054F/Y1055F and Mutant K930R Sustain Re-

duced Signaling—We next addressed the question of whether
these mutated proteins were able to sustain a response to
IFN-a. We tested the ability of all transfectants to grow in HAT
selective medium in the presence of increasing concentrations
of IFN-a. As reported previously, this medium constitutes a
sensitive biological assay for IFN-a signaling (18, 19). Whereas
wt Tyk2-expressing cells grew with 100 IU/ml IFN-a, cells
expressing the Y1054F/Y1055F or the K930R mutant required
at least a 25-fold higher concentration (Fig. 5A). Unexpectedly,
none of the four clones analyzed expressing the K930R/Y1054F/
Y1055F mutant could survive at any dose of IFN-a. Transfec-
tants expressing Y1068F, Y1145F, and Y1176F exhibited a
wild-type behavior (data not shown).
As a measure of the IFN-a response in the Y1054F/Y1055F

and in the K930R transfectants, we also studied the transcrip-
tional induction of the endogenous IFN responsive 6-16 gene by
Northern blot. A dose-response analysis of the accumulation of
the 6-16 transcript in wt-, Y1054F/Y1055F- and K930R-ex-
pressing cells is shown in Fig. 5B. Accumulation of the 6-16
transcript was detectable in Y1054F/Y1055F and K930R trans-
fectants after IFN-a treatment, but strongly reduced when
compared with wt Tyk2-expressing cells. Quantitation of this
and other similar experiments showed that in K930R and
Y1054F/Y1055F transfectants treated with 1000 IU/ml IFN-a,
the level of 6-16 mRNA is approximately one-third of the level

FIG. 2. In vivo tyrosine phosphorylation and in vitro kinase activity of mutants Y1145F (F1145) and Y1176F (F1176). A, in vivo
tyrosine phosphorylation. Anti-Tyk2 immunoprecipitates from post-nuclear lysates (500 mg) of cells untreated (2) or treated (1) for 10 min at 37 °C
with 1000 IU/ml IFN-a, were immunoblotted with anti-phosphotyrosine 4G10 antibody (upper panel). After stripping, the same blot was probed
with anti-Tyk2 antibody (lower panel). B, in vitro kinase assay. Wild-type and mutant Tyk2 were immunoprecipitated from post-nuclear lysates
(1 mg) of untreated (2) or IFN-a-treated (1) cells, subjected to an in vitro kinase assay, fractionated on 7% SDS-PAGE, and transferred to
Hybond-C super membrane. Following autoradiography (upper panel), the filter was probed with an anti-Tyk2 antibody (lower panel).
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in cells expressing the wt protein treated with 10 IU/ml. This
was confirmed for another inducible mRNA, guanylate-binding
protein. As expected from their lack of survival in HAT plus
IFN-a medium, the K930R/Y1054F/Y1055F transfectants did
not induce gene expression (data not shown).
Weak Induced JAK1 Phosphorylation Detectable in Y1054F/

Y1055F Transfectants—It has been previously suggested that a

functional interdependence exists between Tyk2 and JAK1 (11,
19). Therefore we monitored the in vivo phosphorylation of
JAK1 in the K930R and the Y1054F/Y1055F transfectants. For
each mutant, four neor clones were analyzed. No evident
change in the basal phosphorylation state of JAK1 was ob-
served when comparing the various transfectants and no de-
tectable enhancement of phosphorylation occurred in K930R-
and K930R/Y1054F/Y1055F-expressing cells in response to
IFN. On the other hand, in Y1054F/Y1055F-expressing cells,
induced JAK1 phosphorylation was seen, although reduced
compared to wt cells (Fig. 6). These results suggest that, upon
ligand binding, the basal kinase activity exhibited by the
Y1054F/Y1055F mutant contributes to JAK1 phosphorylation.

DISCUSSION

In this study we have analyzed the role of TK domain tyro-
sine residues in Tyk2 activation and signaling. We have found
that single replacement of Tyr-1068, Tyr-1145, or Tyr-1176
with phenylalanine did not affect the phosphorylation state
and the enzymatic activity of the protein. Furthermore, no
change in the IFN-induced gene expression was observed in
these transfectants compared with wt transfectants. These re-
sults suggest that such tyrosine residues are not targets of
regulatory phosphorylation. The finding that substitution of
Tyr-1176 in the carboxyl tail of Tyk2 does not affect the regu-
lation of Tyk2 is a posteriori not surprising considering that the
equivalent phosphorylated Tyr-527 in pp60c-src represses en-
zyme activity by intramolecularly interacting with the SH2
domain (34), and no such domain is present in Tyk2. Further-
more, no tyrosine equivalent to Tyr-1176 in Tyk2 is found in
other members of the JAK family.
Tyr-1054 and/or Tyr-1055 Are Critical for Tyk2 Activation—

Replacement of the tyrosine residues 1054 and 1055 with phen-

FIG. 3. In vivo phosphorylation state and in vitro kinase activity of mutants Y1054F/Y1055F (F1054-55) and K930R (R930). A, in vivo
tyrosine phosphorylation. Anti-phosphotyrosine (upper panel) and anti-Tyk2 (lower panel) immunoblottings were performed as in Fig. 2. B, in vitro
kinase assay. The assay was essentially performed as in Fig. 2, with the addition to the reaction of 1 mg of GST-IFNAR1cyt as an exogenous
substrate. In the lower panel the filter was probed with anti-Tyk2 antibody. Minor Tyk2 forms of higher mobility were routinely detected and
probably result from in vivo degradation.

FIG. 4. In vivo phosphorylation of the K930R/Y1054F/Y1055F
(F1054-55/R930) mutant. Anti-phosphotyrosine (upper panel) and an-
ti-Tyk2 (lower panel) immunoblotting were performed as in Fig. 2.
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ylalanine in Tyk2 reduces basal catalytic activity and, more
importantly, abolishes the IFN-dependent activation of the
protein (Fig. 3). Tyr-1054 and Tyr-1055 lie within the so-called
“activation loop” of subdomain VII, a region conserved among
individual members of different protein kinase families (28, 29)
and absent in the KL domain of JAKs. Virtually all known
PTKs, with the exception of the Csk family, contain from one to
three tyrosine residues in this loop and their phosphorylation
positively regulates enzymatic activity. The recent determina-
tion of the crystal structure of the inactive insulin receptor
kinase domain has shown that the activation loop, unphospho-
rylated, is engaged in the active site and precludes the access of
ATP. Phosphorylation in trans of Tyr-1162, one of three well
established sites of ligand-induced autophosphorylation pres-
ent in this loop, would disengage it from the active site, stabi-
lize the enzyme in an active conformation, and allow access of
ATP and substrate (35, 36). From our data it appears clear that
an absolute requisite for ligand-dependent enhanced Tyk2 ki-
nase activity is the phosphorylation of Tyr-1054 and/or Tyr-
1055. As proposed for the insulin receptor kinase, these phos-
phorylated sites could interact with positively charged
conserved amino acids, such as the Arg-1022, within the HRDL
motif, or the Lys-1045 and stabilize the regulatory loop in a
noninhibitory conformation.
Our data show that in vivo another kinase is responsible (at

least in part) for the IFN induced Tyr1054 and/or Tyr1055
phosphorylation. In fact, the kinase inactive K930R protein can
be phosphorylated, albeit weakly, upon IFN addition, while the
Y1054F/Y1055F (and the triple mutant) cannot. The finding
that the induced phosphorylation of K930R is weaker than that
of the wt protein (Fig. 3A) can be ascribed to lack of autophos-
phorylation and/or impaired trans-phosphorylation by the
other kinase. While it would be rather difficult to evaluate the
relative contribution of each of these two events, the absence of
Tyk2 phosphorylation in the presence of a kinase inactive
JAK1 (see below) suggests an order of events whereby the
initiating step toward Tyk2 phosphorylation, and activation, is
JAK1-mediated.
Interestingly, for a number of other PTKs, phosphorylation

of tyrosine residues in the activation loop has been shown to
rely on a distinct kinase. Focal adhesion kinase and ZAP-70 are
intracellular tyrosine kinases, evolutionarily close to Tyk2, pos-
sessing two equivalent adjacent tyrosines. Maximal kinase ac-
tivity of focal adhesion kinase requires phosphorylation of
these two residues, most likely by a recruited Src family en-
zyme (37). In ZAP-70, a Syk family member required for T cell
development and T cell antigen receptor function, mutation of
one of the two adjacent tyrosines abolishes further phosphoryl-
ation events and receptor function. As for focal adhesion ki-
nase, phosphorylation of this residue appears to depend on

FIG. 5. Biological activity of
Y1054F/Y1055F (F1054-55) and K903R
(R930) mutants. A, the sensitivity to
IFN-a of the mutant- and wt Tyk2-
expressing cell lines was compared by
seeding 6 3 104 cells/well in six-well
plates in HAT medium without or with
the indicated concentrations of IFN-a. Af-
ter 10 days, cells were fixed and stained.
B, induction of the 6-16 mRNA by IFN-a.
Northern transfers of 10 mg of total RNA
from untreated cells (2) or cells treated
with the indicated amounts of IFN-a for
4 h were hybridized to a 6-16-specific
cDNA probe (upper panel) or, as a loading
control, with a b-actin probe (lower
panel).
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another kinase, Lck. In fact ZAP-70 is unable to autophospho-
rylate in vitro on this site, while addition of Lck in the assay
results in its phosphorylation (38, 39).
We have not determined whether one or both tyrosine resi-

dues need to be phosphorylated in order to activate Tyk2. A
thorough study of the effect of replacing either one or both
adjacent tyrosines with phenylalanine in the TK domain of the
hepatocyte growth factor receptor suggested a maximal posi-
tive regulation by modification of both residues (40). In fact, the
kinase activity of either single site mutant or of the double
mutant was strongly reduced. However, the residual activity of
the two mutants toward an exogenous substrate could still be
enhanced by preincubation with unlabeled ATP, while the dou-
ble mutant could not.
Another conclusion that can be drawn from our comparative

analysis of the in vivo phosphorylation state and in vitro kinase
activity of wt and mutant proteins is that basal (ligand-inde-
pendent) Tyk2 phosphorylation requires kinase activity and
results from an autophosphorylation event which can occur on
tyrosine residues other than Tyr-1054 and Tyr-1055, since
mutant Y1054F/Y1055F is basally phosphorylated. While, as
previously noted, the basal kinase activity of the Y1054F/
Y1055F mutant is 50% that of the wt protein, no such differ-
ence can be observed in the in vivo phosphorylation levels of the
two proteins. To explain this discrepancy it has to be assumed
that either the wt protein can autophosphorylate, at least in
vitro, on Tyr-1054 and/or Tyr-1055, thus becoming more active,
or that the in vivo phosphotyrosine pattern, but not the overall
content, differs for the two proteins. The finding that basal
phosphorylation results from an autophosphorylation event is
in apparent contrast with our observation that a number of
kinase-inactive Tyk2 deletion mutants are found basally phos-
phorylated in the cell (see mutant DKL in (19).2 In such mu-
tants, however, the deletion might affect critical intra- or in-
termolecular interactions, thus unmasking phosphorylation
targets for a neighboring kinase or disrupting the association

with a regulatory tyrosine phosphatase. It is conceivable that
the basal level of Tyk2 phosphorylation in the cell is the bal-
anced result of spontaneous autoactivation and dephosphoryl-
ation by an interacting phosphatase and that deletion of criti-
cal domains or overexpression could displace this equilibrium
(41, 42).
Sequential Activation and Cooperativity of the JAKs in the

IFN-a/b System—Tyk2-deficient cells have impaired IFN-a
binding (reduced uptake of labeled IFN) which can be fully
reconstituted by transfection of wt Tyk2 (18, 19). This and the
finding that transfection of an inactive Tyk2 deleted of its TK
domain (DTK) partially restores receptor-mediated IFN uptake
highlighted a structural role of Tyk2 in receptor complex for-
mation (19). Though an increase in binding affinity was ob-
served, some dynamic aspects of productive binding (in partic-
ular the down phase) were not reconstituted. The uptake of
labeled IFN-a is comparable in the K930R, Y1054F/Y1055F,
and DTK transfectants, both in dynamics and affinity (data not
shown), suggesting that it is not the physical presence of the
TK domain, but rather its ligand-dependent activation, that
contributes to the down phase of productive binding, which
probably involves changes in stoichiometry, aggregation of
binding sites, and a subsequent internalization of the complex
(12, 43). In spite of a similar IFN-a uptake ability, inducible
gene expression is 10-fold higher in the Y1054F/Y1055F and
K930R transfectants than in DTK-expressing cells (data not
shown) suggesting that the TK domain contributes to the re-
sponse. While the Y1054F/Y1055F mutant would contribute to
JAK1 activation through its residual kinase activity, the func-
tion contributed by the kinase inactive mutant is more difficult
to explain, as induced JAK1 phosphorylation is undetectable in
these cells. We cannot totally exclude the possibility that the
Lys to Arg substitution present in the K930R does not totally
abolish kinase activity, as was reported for a Ser/Thr kinase
bearing the same mutation in the ATP binding site (44). On the
other hand, kinase active JAK1 appears to be an essential
prerequisite to Tyk2 activation and signaling, as was recently
reported by I. M. Kerr and collaborators. They have expressed
a kinase inactive form of JAK1 in a cell line deficient in endog-
enous JAK1 (11). Such transfectants do not respond to IFN-a
(45) nor can induced Tyk2 phosphorylation be detected.3 Alto-
gether these results highlight the nonequivalence of the two
kinases in the immediate activation steps of the cascade and
suggest a temporal order of events whereby ligand binding to
the multimeric receptor leads to JAK1-driven Tyk2 activation
through trans-phosphorylation on Tyr-1054 and/or Tyr-1055.
Activated Tyk2 might then potentiate signaling through auto-
phosphorylation and positive feed-back onto JAK1. We think
that the nonequivalence of Tyk2 and JAK1 in this system is not
an intrinsic feature of the enzymes, but rather is dictated by
the properties of the receptor chain to which each kinase is
physically associated. The individual role of each receptor
chain, the stoichiometry of the receptor/JAK complex, and pos-
sible changes upon ligand binding are not well known at the
present time (12). Tyk2 physically interacts with the mem-
brane-proximal region of IFNAR1 and it is assumed that JAK1
physically interacts with the recently identified receptor chain
IFNAR2–2 or bL. Assuming that these are unique or strongly
preferred receptor/kinase interactions, the behavior of each
enzyme (i.e. their spatial and temporal activation) will depend
on the specific ligand binding properties of the receptor subunit
to which it is bound.
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