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A missense C1858T single nucleotide polymorphism in the
PTPN22 gene recently emerged as a major risk factor for human
autoimmunity. PTPN22 encodes the lymphoid tyrosine phos-
phatase (LYP), which forms a complex with the kinase Csk and is
a critical negative regulator of signaling through the T cell
receptor. The C1858T single nucleotide polymorphism results
in the LYP-R620W variation within the LYP-Csk interaction
motif. LYP-W620 exhibits a greatly reduced interaction with
Csk and is a gain-of-function inhibitor of signaling. Here we
show that LYP constitutively interacts with its substrate Lckin a
Csk-dependent manner. T cell receptor-induced phosphoryla-
tion of LYP by Lck on an inhibitory tyrosine residue releases
tonic inhibition of signaling by LYP. The R620W variation dis-
rupts the interaction between Lck and LYP, leading to reduced
phosphorylation of LYP, which ultimately contributes to gain-
of-function inhibition of T cell signaling.

A C1858T single nucleotide polymorphism in PTPN22 was
first reported to be associated with type 1 diabetes (1) and rheu-
matoid arthritis (2) and was subsequently found to predispose
humans to a wide range of autoimmune diseases (reviewed in
Refs. 3 and 4). In Caucasian populations PTPN22 currently
ranks in third and in second place in terms of single-gene con-
tribution to the etiology of type 1 diabetes and rheumatoid
arthritis, respectively (5). PTPN22 *T'°® acts as a dominant
allele and confers significant predisposition to autoimmunity
even when present as a single copy (3, 4).
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PTPN22 encodes the lymphoid tyrosine phosphatase LYP,”
which acts as a critical negative regulator of T cell receptor
(TCR) signaling (2, 6 —9) through dephosphorylation of several
key substrates, including the Src family kinases Lck and Fyn,
ZAP70, and TCR( (8, 10).

LYP and its mouse homolog PEST-enriched phosphatase
(PEP) are ~105-kDa proteins characterized by a ~300-aa
N-terminal protein-tyrosine phosphatase (PTP) domain and a
~200-aa C-terminal domain that includes four putative
polyproline motifs (termed P1-P4). The catalytic domain and
the C-terminal domain are separated by a ~300-aa region
called the “interdomain.” A second shorter isoform of LYP
called LYP2 has been identified in resting T cells (11). The most
N-terminal P1 motif of LYP mediates the interaction of PEP/
LYP with the SH3 domain of the protein-tyrosine kinase (PTK)
Csk, also a negative regulator of TCR signaling (8, 12). The
PTPN22C1858T polymorphism causes an R620W substitution
within the P1 motif of the protein. The pathogenic LYP-W620
variant exhibits reduced interaction with Csk (1, 2), shows
increased phosphatase activity, and is a gain-of-function inhib-
itor of signaling in T cells (6, 13). T cells from type 1 diabetes
and healthy subjects carrying the LYP-W620 variant show
reduced production of interleukin-2 and other cytokines fol-
lowing TCR stimulation (6, 13, 14). Reduced TCR signaling has
recently been recognized as a major risk factor for autoimmu-
nity, and it affects tolerance through multiple mechanisms (15,
16). Here we sought to identify molecular mechanisms that
contribute to the gain-of-function phenotype of LYP-W620 in
T cells.

® The abbreviations used are: LYP, lymphoid tyrosine phosphatase; Ab, anti-
body; CAP, coumaryl amino propionic acid; Csk, c-Src tyrosine kinase; DTT,
dithiothreitol; EF, elongation factor; hu, human; HA, hemagglutinin; IP,
immunoprecipitation; IPed, immunoprecipitated; Itk, interleukin-2-induc-
ible T cell kinase; KO, knock-out; mo, mouse; pCAP, phosphocoumaryl
amino propionic acid; PEP, PEST-enriched phosphatase; PTK, protein-ty-
rosine kinase; PTP, protein-tyrosine phosphatase; PV, pervanadate; TCR, T
cell receptor; aa, amino acid(s); LC, liquid chromatography; MS, mass
spectrometry; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol.
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EXPERIMENTAL PROCEDURES

Plasmids—Full-length LYP-R620, LYP-W620, LYP2-R620,
and their C227S mutants were cloned in the BamHI site of the
plasmid pEF5-HA (17), whereas full-length PEP-R619 and PEP-
W619 and their C227S mutants were cloned in the pEFHA
vector (18). Point mutagenesis of LYP constructs was per-
formed by PCR using primers containing the desired mutation.
FLAG-tagged LYP-R620 C227S and N-terminal truncation
mutants of LYP were performed by PCR using LYP-R620 or
LYP-W620 in pEF5-HA (A288LYP) or in pEFHA (A399LYP
and A517LYP) vector as templates. The primers were designed
to anneal around the truncated regions of the gene and replace
the HA tag with a FLAG tag. An S-tag (15 aa; see Ref. 19) was
cloned for 3" and was in-frame with the HA tag in the pEF5
vector, thus generating the pEF5HA-S vector. LYP mutants
were then subcloned into the BamHI site.

Antibodies and Other Reagents—The anti-HA monoclonal
Ab (clone 16B12) was from Covance (Berkeley, CA). The anti-
Tyr(P) Ab (clone 4G10) was from Chemicon International
(Temecula, CA). The anti-LYP polyclonal Ab was from R & D
Systems (Minneapolis, MN). The anti-PEP polyclonal Ab has
been previously described (20). The monoclonal anti-Lck, the
polyclonal anti-Csk, and the polyclonal anti-Fyn were from
Santa Cruz Biotechnology (Santa Cruz, CA). The anti-Lck poly-
clonal Ab, the monoclonal anti-Fyn, the monoclonal anti-Csk,
the anti-huCD4, anti-moCD4, and anti-moCD28 were from BD
Biosciences (Carlsbad, CA). The anti-ZAP70 Ab was from
Invitrogen, whereas the anti-Itk Ab was from Cell Signaling
Technology (Boston, MA). OKT3 (21) was purified from hybri-
doma supernatants. F(ab’), Ab and anti-mouse IgG used for
cross-linking were purchased from Jackson Immunoresearch
(West Grove, PA) and Upstate/Millipore (Billerica, MA),
respectively. Agarose-conjugated M2-FLAG and PT66 Abs
were from Sigma. The normal rabbit serum used for control
precipitations was purchased from Thermo Fisher Scientific
(Rockford, IL). The control goat IgG was purchased from
Sigma. 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo-
[3,4,d]pyrimidine was from EMD Calbiochem (Gibbstown, NJ).
The anti-Fyn small interfering RNA was a commercially available
oligonucleotide from Santa Cruz, and the anti-Csk and anti-Lck
small interfering RNAs were custom ordered from Dharmacon
(Lafayette, CO) (22, 23). Pfullltra polymerase was from Stratagene
(La Jolla, CA), and Taq polymerase was from Invitrogen. The
AlexaFluor-conjugated anti-HA antibody was from Cell Signaling
Technology (Boston, MA). The phycoerythrin-conjugated anti-
phospho-ZAP70(Y319) antibody was from BD Biosciences. The
allophycocyanin-conjugated anti-human CD69 was purchased
from BioLegend (San Diego, CA).

Purification of Recombinant Full-length LYP—Full-length
LYP-R620 and -W620 and their C227S mutants were cloned in
the BamHI site of the pFastBac-HTa (Invitrogen) in-frame with
a FLAG tag, and recombinant bacmids and baculoviruses were
produced using the Bac-to-Bac® method (Invitrogen). Virus
titers/times of incubation were optimized to obtain high
expression of full-length recombinant proteins in Spodoptera
fungiperda 9 cells. The protein was purified from lysates of
insect cells using single-step affinity chromatography on
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FLAG-M2 beads and eluting with a combination of FLAG pep-
tide and high concentrations of DTT. The final buffer was 50
mm Tris/HCl, pH 8.0, 0.5 mm EDTA, and 1 mm DTT. The
purity of the recombinant proteins was more than 80% as
assessed by silver staining of polyacrylamide gels (see Fig. 1).
The yield of the isolation was ~1 ug of full-length protein/
150-mm plate of infected Spodoptera fungiperda 9 cells.

Cell Culture, Transfection, and Stimulation—Jurkat E6.1,
JTAg (24), JCaM1, Hut78, and primary T cells were grown in
RPMI 1640 medium supplemented with 10% fetal calf serum, 2
mM L-glutamine, 1 mm sodium pyruvate, 10 mm HEPES, pH 7.3,
2.5 mg/ml p-glucose, 100 units/ml of penicillin, and 100 pg/ml
streptomycin. COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum, 100 units/ml of pen-
icillin, and 100 ug/ml streptomycin. Jurkat and JTAg transfec-
tions were performed as described (6). To generate JTAg cells
stably expressing A288LYP, the cells were transfected with lin-
earized plasmid and after 2 days were subjected to selection
with 0.2 mg/ml Zeocin (Invitrogen). Stable transfectants were
used for experiments at the polyclonal stage. COS cells were
transfected using Lipofectamine and Plus reagent (Invitrogen).
For pervanadate (PV) stimulation of JTAg, a PV solution was
added to RPMI medium to achieve a 200 um PV final concen-
tration. C305 stimulation of JTAg and Hut78 cells was per-
formed using C305 hybridoma (25) supernatant. For stimula-
tion of primary human T cells, the cells were incubated in RPMI
medium with OKT3 (1 pg/ml) and anti-huCD4 (1 pg/ml) or
anti-huCD28 (1 ug/ml), followed by cross-linking with 10
pg/ml F(ab'), rabbit anti-mouse IgG for the time indicated in
the figure. For stimulation of mouse thymocytes, the cells were
incubated in RPMI medium with biotinylated anti-moCD3 (20
pg/ml) and biotinylated anti-moCD4 (20 ug/ml) or biotinyl-
ated anti-moCD28 (20 ug/ml) Ab, followed by cross-linking
with streptavidin for the time indicated in the figure.

Mouse Models—129/0Ola mice were purchased from Harlan
(Indianapolis, IN). Fyn KO mice (B6;129S7-Fyntm1Sor/]) (26)
were purchased from JAX® mice and services (Bar Harbor, ME;
stock number 002385), whereas the conditional KO mice car-
rying deletion of Csk exclusively in CD4™ T cells have already
been described (27). Thymi were isolated from 4 —6-week-old
mice, and thymocytes were purified using standard protocols.
All of the procedures involving animals described in this manu-
script were approved by the University of Southern California
(protocol numbers 10714 and 10853) and LIAI (protocol num-
ber AP-NB1-0709) Institutional Animal Care and Use
Committee.

Isolation of Primary Human T Cells and Genotyping— Anon-
ymous buffy coats were purchased from Advanced Bioservices,
LLC (Reseda, CA) or obtained from the blood bank of the Tor
Vergata University Hospital in Rome, Italy. T cells were isolated
by Lymphoprep (VWR) or Ficoll-Paque (GE Healthcare) gradi-
ent centrifugation followed by depletion of B cells and mono-
cytes by anti-CD19 and anti-CD14 Dynabeads (Invitrogen). If
necessary to induce expression of LYP, the cells were cultured
in the presence of 10 ng/ml phorbol 12-myristate 13-acetate for
24'h. When needed, genomic DNA was extracted from 100 ul of
peripheral blood using a genomic DNA extraction kit (Qiagen,
Inc.), and the genotype at the LYP-R620W locus (single nucle-
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otide polymorphism rs2476601) was determined by restriction
fragment length polymorphism-PCR as described in Ref. 1. All
of the procedures involving human subjects described in this
manuscript were approved by the University of Southern Cali-
fornia Institutional Review Board (exempt approval number
053029) or by the Ethical Committee of the Tor Vergata Uni-
versity Hospital.

Immunoprecipitations—For IPs, the cells were lysed in 20
mMm Tris/HCI, pH 7.4, 150 mMm NaCl, 5 mm EDTA with 1%
Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride, 10 pg/ml
aprotinin/leupeptin, and 10 wg/ml soybean trypsin inhibitor.
The lysis buffer also contained either 5 mm iodoacetamide or
Na;VO, in concentrations variable between 1 and 10 mm. 10
mM Na;VO, was added when it was necessary to preserve the
phosphorylation of active LYP/PEP in TCR-stimulated cells.
The IP of LYP by PT66 or 4G10 Ab was not affected by the
presence of Na;VO, in the lysis buffer up to 5 or 10 mwm, respec-
tively (data not shown). Denaturing IPs were carried out by
adding 1% SDS to the lysate. The lysates were diluted to reduce
the final concentration of SDS to 0.1% immediately prior to the
addition of the Ab.

Phospho-mass Spectrometry, In-gel Digestion, and Phospho-
peptide Enrichment—Coomassie gel bands of interest were
excised and chopped into small pieces and digested by trypsin
as described elsewhere (28). In brief, the proteins were reduced
in 10 mm DTT for 30 min at room temperature, alkylated in 55
mM iodoacetamide for 30 min at room temperature in the dark,
and digested overnight at room temperature with 12.5 ng/ul
trypsin (proteomics grade; Sigma). The digestion medium was
then acidified to 2% trifluoroacetic acid. The supernatant was
loaded onto a self-packed 200-ul pipette tip plugged with C18
material (3M EmporeTM C18 disk; 3M Bioanalytical Technol-
ogies, St. Paul, MN) filled first with 2 mm of TiO, beads (GL
Sciences Inc. Tokyo, Japan) and then another C18 disk. Bound
peptides to the first upper C18 disk were desalted by a wash
with 0.1% trifluoroacetic acid and then eluted onto underneath
TiO, beads with 30 mg/ml 2,5-dihydroxybenzoic acid in 80%
acetonitrile and 0.1% trifluoroacetic acid. The bound peptides
to TiO, were washed once with the previous buffer and then
once with a similar buffer without 2,5-dihydroxybenzoic acid.
The peptides were eluted using 50 ul of 20% NH,OH in 40%
acetonitrile in water, pH = 10.5. Phosphopeptide mixture was
almost dried using a SpeedVac concentrator (Concentrator
5301; Eppendorf AG, Hamburg Germany) and then resus-
pended in 0.1% of trifluoroacetic acid for LC-MS/MS analysis.

Mass Spectrometry Analysis—An LTQ-Orbitrap mass spec-
trometer (ThermoElectron, Bremen, Germany) coupled on-
line to nano-LC (Ultimate, Dionex) was used. To prepare an
analytical column C,; material (ReproSil-Pur C18-AQ 3 um;
Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) was
packed into a spray emitter (75-um inner diameter, 8-um
opening, 70-mm length; New Objectives) using a high pressure
packing device (Nanobaume™; Western Fluids Engineering).
Mobile phase A consisted of water, 5% acetonitrile, and 0.5%
acetic acid, and mobile phase B consisted of acetonitrile and
0.5% acetic acid. The five most intense peaks of the MS scan
were selected in the ion trap for MS? (normal scan, filling 5 X
10° ions, 500-ms maximum fill time for MS scan, 2 X 10° ions
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FIGURE 1. Binding of Csk to LYP does not directly affect the phosphatase
activity. A and B, in vitro reconstitution of the LYP-Csk complex. A, isolation of
recombinant full-length LYP-R620 and LYP-W620. The figure shows a silver-
stained polyacrylamide gel with 300 ng of purified LYP-R620 (lane 1), LYP-
R620/5227 (lane 2), LYP-W620 (lane 3), or LYP-W620/S227 (lane 4). The arrow
indicates LYP, and the arrowhead indicates a nonspecific protein that co-
purifies with LYP in our preparation. B, LYP-R620 binds Csk more efficiently
than LYP-W620. 25 ng of recombinant LYP-R620 (lanes 1-5) or LYP-W620
(lanes 6-10) bound to M2-FLAG beads were incubated with increasing
amounts of recombinant His-Csk in 20 mm Tris/HCI, pH 7.4, 150 mm NaCl, and 1
mm EDTA overnight at 4 °C. The complex was washed twice with the same buffer
and run on a polyacrylamide gel. C, binding to Csk does not directly affect the
activity of LYP. The activity of 2 ng of recombinant LYP-R620 (squares) or LYP-
W620 (triangles) was assayed in the presence (open symbols, dotted lines) or
absence (filled symbols, continuous lines) of 60 ng of recombinant His-Csk using
0.4 mm 14LckpCAP394 peptide as substrate in 50 mm Bis-Tris, pH 6.0, 1 mm DTT.
The diamond symbols and dashed line show fluorescence of control reaction car-
ried out without adding any enzyme. The reaction was followed continuously to
ensure initial rate conditions. The symbols show averages * S.D. activity at vari-
ous incubation time. Regression lines are shown. The significance of the differ-
ences has been calculated using analysis of variance. Identical results were
obtained when the assays on LYP-R620 were repeated using a 50 mm Tris/HCl, 1
mm DTT, pH 7.4 buffer (data not shown). WT, wild type.

for MS?, multistage activation enabled, 200-ms maximum fill
time, dynamic exclusion for 60 s). The raw files were processed
using DT Asupercharge v.1.18. The generated peak lists were
searched against the IPI human data base using Mascot 2.2
with the parameters: monoisotopic masses, 10 ppm on MS,
0.5 Da on MS/MS, electrospray ionization trap parameters,
full tryptic specificity, cysteine carbamidomethylated as
fixed modification, oxidation on methionine, phosphoryla-
tion on serine, threonine, or tyrosine, protein N-acetylation,
and deamidation on glutamine and asparagine as variable
modifications, with three missed cleavage sites allowed. The
results were parsed through MSQuant 1.4.3a74. The identi-
fied phosphopeptide was manually validated.

Luciferase Assays—Luciferase assays were performed as
described in Ref. 6. The difference in the ratio between firefly
and Renilla luciferase activity in stimulated versus unstimulated
cells (TCR-induced increased activation of reporter) was then
plotted against the expression of LYP assessed by densitometric
scanning of anti-HA blots of total lysates.
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into peptide substrates using stan-
dard N-(9-fluorenyl)methoxycar-
bonyl (Fmoc)-based solid phase
peptide synthesis methodologies
and undergoes enzymatic dephos-
phorylation by PTPs to CAP (29).
Upon excitation ~340 nm, CAP-
containing peptides are over 10*
times more fluorescent than pCAP-
containing peptides (A, = 460
nm). Thus, PTP-catalyzed hydroly-
sis of pCAP-containing peptides
results in a fluorogenic, continuous,
and direct assay for PTP activity.
The assay is extremely sensitive
compared with the standard Tyr(P)
peptide assay, and minimal sponta-
neous hydrolysis of the fluorogenic
peptide ensures that the signal/

FIGURE 2. TCR-induced tyrosine phosphorylation of LYP. A, PV treatment of JTAg cells induces LYP phos-
phorylation. LYP was IPed from lysates of JTAg cells left unstimulated (lanes 7 and 2) or treated with 200 um PV
for 15 min (lanes 3 and 4). The cell lysates were subjected to IP using an anti-LYP Ab (/anes 1 and 3) or to control
precipitation using a control goat IgG (lanes 2 and 4). B-D, TCR stimulation induces LYP phosphorylation. B, LYP
was IPed from lysates of JTAg cells left unstimulated (lane 1) or stimulated with C305 for 1, 2, or 5 min (lanes
2-4). C, anti-Tyr(P) IPs were performed from lysates of JTAg cells left unstimulated (lane 1) or stimulated with
C305 for 2 min (lane 2). D, IP of LYP from lysates of primary human T cells left unstimulated (lane 1) or stimulated
with anti-CD3 + anti-CD4 for 40's (lane 2) or 90 s (lane 3). E, TCR-induced Tyr phosphorylation of PEP. Anti-Tyr(P)
IPs were performed from lysates of primary mouse thymocytes left unstimulated (lane 1) or stimulated with
anti-CD3 + anti-CD4 for 2 min (lane 2). Similar results were obtained in additional sets of experiments that were
performed by immunoprecipitating PEP and blotting IPs with anti-Tyr(P) Ab and stimulating cells with anti-
CD3 + anti-CD4 or anti-CD3 + anti-CD28 (data not shown). F, TCR stimulation of JTAg cells induces phosphor-
ylation of transfected LYP. JTAg cells were transfected with the inactive C227S mutant of LYP-R620 (lanes 1-4)
or with a construct expressing the same mutant in fusion with an additional N-terminal 15-aa S tag (lanes 5- 8, Tyr394
the S tag slows the migration of HA-LYP on polyacrylamide gels). The cells were left unstimulated (lanes 7 and
5) or stimulated with C305 for 1 min (lanes 2 and 6), 2 min (lanes 3 and 7), or 5 min (lanes 4 and 8). The black
arrows indicate the positions of HA-LYP and HA-S-LYP. Similar results were obtained in additional experiments
where JTAg cells were transfected with an inactive C227S mutant of PEP in fusion or not with an N-terminal 15

aa S-tag (data not shown).

Flow Cytometry Assays—All of the samples were acquired on
a FACSCanto II (BD Biosciences). The data were analyzed
using FlowJo software (TreeStar, Ashland, OR). For induction
of CD69, the cells were stimulated with 5 ug/ml OKT3 for 4 h at
37°C. The cells were then washed, fixed, permeabilized,
blocked with 10% mouse serum, and co-stained with
AlexaFluor488-conjugated anti-HA antibody (Cell Signaling
Technology) and allophycocyanin-conjugated anti-CD69 anti-
body. The cells overexpressing LYP were gated by comparing
AlexaFluor488 fluorescence of cells transfected with HA-
LYP versus cells transfected with vector alone.

Phosphatase Assays Using a Novel Peptidic Fluorogenic
Substrate—Autodephosphorylation of PTPs is a well known
phenomenon that complicates the assessment of the effect of
phosphorylation on the phosphatase activity of PTPs. We
observed initial autodephosphorylation of immunoprecipi-
tated LYP already after 5 min of incubation in phosphatase
buffer (Bis-Tris, pH 6.0, 5 mm DTT) (data not shown). To study
the activity of phospho-LYP in conditions of fast enzyme
autodephosphorylation, we used a fluorogenic peptide based
on a Tyr(P) mimicking coumarin amino acid, which has
recently been developed by the Barrios group (29). The enan-
tiomerically pure, appropriately protected, phosphorylated
coumaryl amino propionic acid (pCAP) can be incorporated
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background ratio of this assay is
optimal even for short assay times
(29, 30). Also because the assay is
direct, continuous monitoring of
linearity of the reaction is possible.
We synthesized and purified the
pCAP-containing peptide substrate
ARLIEDNE(pCAP)TAREG  (pep-
tide 14LckpCAP394), a sequence
based on residues around the Lck
autophosphorylation site,
which is a physiological substrate of
LYP. A shorter version of this pep-
tide has been reported to be an
excellent LYP substrate (30), and we
found that the recombinant catalytic domain of LYP dephos-
phorylates the 14LckpCAP394 peptide following Michaelis-
Menten kinetics, with K, and k_,, values equal or better than
the corresponding 14-aa Tyr(P) peptide (k_,, was 11.7 and 4.4
s~ !, and K,,, was 81 and 71 uMm for the pCAP and Tyr(P) pep-
tides, respectively).® For detection of phosphatase activity of
LYP IPed from transfected cells, the IPs were washed in Bis-
Tris, pH 6.0, and then resuspended in phosphatase buffer (Bis-
Tris, pH 6.0, 5 mm DTT). After the addition of 0.4 mMm peptide,
the reaction was monitored continuously by measuring the
increase in fluorescence (A, = 340 nm and A, = 460 nm) at
60-s intervals for 30 min. The activity measured in triplicate
was corrected for the nonspecific signal of identical reactions
performed also in triplicate without the addition of enzyme.
The activity corrected for background fluorescence of substrate
alone was then normalized for LYP expression as assessed by
anti-HA Western blotting of fractions of IPs taken after resus-
pension in the final phosphatase buffer.

Graphs and Statistics—Graphs, curve fittings, and kinetic
parameter calculations were performed using the Graphpad

S E. Fiorillo, V. Orrd, S. M. Stanford, Y. Liu, M. Salek, N. Rapini, A. D. Schenone, P.
Saccucci, L. G. Delogu, F. Angelini, M. L. M. Bitti, C. Schmedt, A. C. Chan, O.
Acuto, and N. Bottini, unpublished data.
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Prism software package (Graphpad, San Diego, CA). All of the
S.D. values of the differences and ratios were calculated accord-
ing to the error propagation rules described by Taylor (31).

RESULTS

Binding of Csk to LYP Does Not Directly Affect the Phospha-
tase Activity—To explain the gain-of-function phenotype of
LYP-W620, we first assessed whether (i) the polymorphism
directly affects the protein to induce increased enzymatic activ-
ity or (ii) simple binding of LYP to Csk is sufficient to inhibit the
activity of the phosphatase. We purified recombinant full-
length LYP-R620 and LYP-W620 and their inactive C227S
mutants from lysates of insect cells (Fig. LA). Because insect Csk
lacks a functional SH3 domain (32), we obtained Csk-free LYP,
which could be used to in vitro reconstitute the complex
between LYP and Csk (Fig. 1B). When we measured the activity
of recombinant LYP using an Lck-derived peptide as a sub-
strate, we observed no significant difference between the activ-
ity of LYP-R620 and LYP-W620 (Fig. 1C). In control assays both
LYP-C227S variants did not show any activity (data not shown,
and see also Ref. 33). The addition of Csk to the reaction did not
affect the activity of LYP-R620 or LYP-W620 (Fig. 1C). Despite
the limitations imposed by our in vitro system (for example,
differences in post-translational modifications of LYP between
mammalian and insect cells), these data suggest that the poly-
morphism does not induce gain-of-function through a direct
effect on the protein and that binding of Csk to LYP is not
sufficient per se to induce changes in the enzymatic activity.

TCR Stimulation Induces Tyrosine Phosphorylation of LYP—
We next hypothesized that differences in post-translational
modifications between LYP-R620 and LYP-W620 contribute to
the gain-of-function phenotype of LYP-W620. Given that LYP
forms a complex with Csk, a PTK, and the polymorphism
affects the PTP/PTK interaction, we considered the possibility
that the phosphatase could be phosphorylated on tyrosine. Sev-
eral PTPs are regulated by tyrosine phosphorylation (34, 35),
including PTP20 (36), which is homolog to LYP. We found that
treatment of human JTAg cells (24) with pervanadate, a pow-
erful PTP inhibitor, induced phosphorylation of LYP on tyro-
sine (Fig. 24). TCR engagement also caused phosphorylation of
LYP in the Jurkat E6.1, JTAg, and Hut78 T cell lines (Fig. 2, B
and C, and data not shown) and in primary human T cells (Fig.
2D). The kinetics of LYP phosphorylation were fast (in JTAg
cells it was detected after 15 s of stimulation; data not shown)
and peaked between 1 and 2 min (Fig. 2, B-D). Endogenous PEP
was also tyrosine-phosphorylated after TCR stimulation of
mouse thymocytes (Fig. 2E). Transfected HA-tagged LYP and
PEP were similarly phosphorylated after TCR engagement in
JTAg cells (Fig. 2F and data not shown). Inactive PTP mutants
are often used to study their regulation by phosphorylation on
tyrosine residues, because PTPs often show a strong tendency
toward auto-dephosphorylation (34, 36). Indeed, we observed
that TCR-induced phosphorylation of transfected inactive
C227S mutants of LYP and PEP was severalfold more promi-
nent than that of the wild type phosphatases (data not shown).
The identity of anti-Tyr(P)-reactive LYP and PEP immunopre-
cipitated (IPed) from lysates of transfected T cells was con-
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FIGURE 3. LYP-W620 is less phosphorylated in resting and TCR-stimu-
lated T cells. A, IP from transfected JTAg cells. Anti-HA IPs were performed
from lysates of JTAg cells transfected with LYP-R620 (lanes 1-4) or LYP-W620
(lanes 5-8). The cells were left unstimulated (lanes T and 5) or stimulated with
C305 for 1 min (lanes 2 and 6), 2 min (lanes 3 and 7), or 5 min (lanes 4 and 8). The
efficiency of TCR stimulation was similar in LYP-R620 and LYP-W620 trans-
fected cells, as shown by anti-pZAP70(Y319) and anti-ZAP70 blots of total
lysates. B, LYP-W620 is less phosphorylated than LYP-R620 in resting T cells.
IPs of endogenous LYP from primary human T cells from healthy subjects of
RR (lane 1) or RW (lane 2) genotype are shown. The observation was replicated
on an additional couple of unrelated control subjects of RRand RW genotype.

firmed by using an S-tagged mutant of LYP and PEP (Fig. 2F and
data not shown).

Autoimmune-associated LYP-R620W Polymorphism Affects
TCR-induced Phosphorylation of LYP—Next, we assessed
whether LYP-R620 and LYP-W620 show any difference in
TCR-induced phosphorylation. TCR stimulation induced
much higher phosphorylation of LYP-R620 than of LYP-W620
in JTAg and Jurkat E6.1 cells (Fig. 3A and data not shown).
Phosphorylation of LYP-R620 in resting cells was also higher
than LYP-W620 (data not shown). The difference in phosphor-
ylation between Arg®*® and Trp®®° was independent of the
expression levels of the two LYP variants and was observed even
at very low overexpression levels (data not shown). Similar
results were obtained when the two homolog variants of PEP
(PEP-R619 and PEP-W619) were transfected in JTAg cells (data
not shown). Fig. 3B shows that LYP IPed from primary T cells
isolated from healthy subjects of RR genotype have greater
phosphorylation than LYP IPed from cells of RW genotype. We
concluded that LYP and PEP are phosphorylated on tyrosine at
levels that are detectable in resting T cells and are strongly
induced in the early phase of TCR signaling. In transfected cells
LYP-R620 also has greater phosphorylation on tyrosine than
LYP-W620, in resting and stimulated T cells. We have prelim-
inary evidence that this is true also in primary cells, although
more experiments are warranted, especially comparing sub-
jects of RR genotype with subjects of WW genotype.

Lck Phosphorylates LYP in T Cells—Next, we set out to assess
which PTK is responsible for the phosphorylation of LYP in T
cells. Incubation of JTAg cells with 10 um of the Src family
kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyra-
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FIGURE 4. Phosphorylation of LYP in T cells depends on Csk and Lck. A, kinase screening in COS cells. COS cells were co-transfected with LYP-R620/5227 and
Lck (lane 1), Fyn (lane 2), Csk (lane 3), ZAP70 (lane 4), Itk (lane 5), or empty vector (lane 6), and total lysates were subjected to denaturing anti-Tyr(P) IP. Similar
results were obtained in separate experiments, performed by immunoprecipitating LYP and blotting with anti-Tyr(P) Ab (data not shown). B, in vitro phosphor-
ylation of LYP by PTKs. LYP-R620/5227 was IPed from transfected COS cells and in vitro phosphorylated with recombinant Csk (lane 2), Fyn (lane 3), or Lck (lane
4).Lane 1 is a control reaction without PTK. Cand D, phosphorylation of LYP is reduced by knockdown of Lck and Csk but is not affected by knockdown of Fyn.
C,endogenous LYP was IPed from lysates of JTAg cells transfected with RNA interference oligonucleotides specific for Lck (lanes 7 and 2), Csk (lanes 5 and 6), or
medium alone (lanes 3 and 4). The cells were left unstimulated (lanes 1, 3, and 5) or subjected to 2 min of stimulation with C305 (lanes 2, 4, and 6). Similar results
were obtained by performing denaturing anti-Tyr(P) IPs followed by Western blotting with anti-LYP Ab (data not shown). D, endogenous LYP was IPed from
lysates of JTAg cells transfected with a nontargeting oligonucleotide (lanes 7 and 2) or an oligonucleotide specific for Fyn (lanes 3 and 4). The cells were left
unstimulated (lanes 7 and 3) or subjected to 2 min of stimulation with C305 (lanes 2 and 4). £, PEP phosphorylation is conserved in Fyn /"~ thymocytes. Anti-PEP
IPs were performed from lysates of thymocytes isolated from Fyn™/~ mice (lanes 3 and 4) and from wild type littermates (lanes 1 and 2). The cells were left
unstimulated (lanes 7 and 3) or stimulated with anti-CD3 + anti-CD4 for 1 min (lanes 2 and 4). Identical results were obtained by performing anti-PEP blot of
anti-Tyr(P) IPs (data not shown). F, PEP phosphorylation is reduced in T cells from Csk~/~ mice. Thymocytes were isolated from Csk conditional KO mice (lanes
1,2,5,and 6) and control littermates (lanes 3, 4, 7, and 8). The cells were left unstimulated (lanes 1-4) or stimulated with anti-CD3 + anti-CD4 for 1 min
(lanes 5 and 6). The cell lysates were subjected to IP using an anti-Pep Ab (lanes 1, 3, 5, and 7) or to control precipitation using normal rabbit serum (/anes
2,4,6,and 8).
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zolo[3,4,d]pyrimidine completely abolished the basal and TCR-
induced phosphorylation of endogenous LYP (data not shown),
suggesting that phosphorylation of LYP is dependent on the
activity of Src family PTKs. When we co-transfected LYP with a
set of candidate PTKs in COS cells, we observed that Lck, Fyn,
and Csk could phosphorylate LYP, whereas ZAP70 and Itk
could not (Fig. 4A). Lck was the most efficient LYP kinase in this
assay and in additional in vitro kinase assays (Fig. 48). RNA
interference-mediated knockdown of Lck and Csk in T cells
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respectively abolished and reduced TCR-induced tyrosine
phosphorylation of endogenous LYP (Fig. 4C and data not
shown), whereas knockdown of Fyn did not seem to substan-
tially affect LYP phosphorylation (Fig. 4D). The phosphoryla-
tion of PEP was conserved in Fyn~’~ (26) thymocytes (Fig. 4E),
further arguing against a role of Fyn as the major LYP kinase in
T cells. On the other hand, Fig. 4F shows that the phosphory-
lation of PEP was reduced but not abolished in thymocytes iso-
lated from mice carrying a conditional deletion of Csk in CD4™
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FIGURE 5. Csk-dependent co-precipitation of Lck with LYP. A, Lck co-precipitates with A288LYP. JTAg cells were transfected with A288LYP, and IPs were
performed from lysates of resting cells (lanes 1, 3,5, 7, and 9) or cells stimulated for 2 min with C305 (/anes 2, 4, 6,8, and 10) using an Ab against Lck (lanes 7 and
2), Fyn (lanes 3 and 4), Itk (lanes 5 and 6), Csk (lanes 7 and 8), or ZAP70 (lanes 9 and 10). B and C, more Lck co-precipitates with LYP-R620 than with LYP-W620.
B, JTAg cells were transfected with A288LYP-R620 (lanes 1 and 4), A288LYP-W620 (lanes 2 and 5), or empty vector (lanes 3 and 6), and IPs were performed from
lysates of resting cells using an Ab against Lck (lanes 1-3) or Csk (lanes 4-6). C, JTAg cells were transfected with LYP-R620 (lane 1), LYP-W620 (lane 2), or empty
vector (lane 3), and IPs were performed from lysates of resting cells using an anti-Lck Ab. D-F, the co-precipitation of Lck with LYP is dependent upon Csk
activity. D, JTAg cells were co-transfected with LYP-R620 (lanes 1-3 and 7-9) or LYP-W620 (lanes 4-6 and 10-12) and with RNA interference oligonucleotides
specific for Csk (lanes 2, 5,8,and 11) or nontargeting ones (lanes 1, 3,4, 6, 7,9, 10,and 12). The cells were left unstimulated (lanes 1-6) or stimulated for 2 min with
C305 (lanes 7-12). The cell lysates were subjected to IP using an anti-Lck Ab. E, thymocytes were isolated from Csk conditional KO mice (/anes 2 and 4) and
control littermates (lanes 1 and 3). The cells were left unstimulated (lanes 1 and 2) or stimulated with anti-CD3 + anti-CD4 for 1 min (lanes 3 and 4). The cell
lysates were subjected to IP using an anti-PEP Ab. F, JTAg cells stably overexpressing A288LYP-R620 were transfected with HA-Csk (lane 1) or decreasing
amounts (3,2, or 1 ug of plasmid DNA) of the catalytically inactive mutant HA-Csk K222R (lanes 2-4) or vector alone (lane 5). The cells were stimulated for 2 min

with C305, and IPs were performed from lysates using an anti-Lck Ab.

cells. In these experiments all of the TCR-expressing thymo-
cytes were virtually Csk KO. Assuming the absence of signifi-
cant compensatory mechanisms in the cells analyzed, these
data suggest that Lck and Csk are the major mediators of TCR-
induced tyrosine phosphorylation of LYP in T cells, although
we cannot formally exclude the role of other kinases.

Lck Interacts with LYP in a Csk-dependent Manner—We next
tested whether Lck co-precipitates with a deletion mutant of
LYP, which is missing the catalytic domain (A288LYP, includ-
ing aa 289 —807). This mutant was used to exclude interactions
caused by the substrate trapping activity of LYP (10). We found
that A288LYP is able to form a complex with Csk as well as Lck
but not with other PTKs in T cells. Both complexes were con-
stitutive and apparently unaffected by TCR stimulation (Fig.
5A). The anti-Lck antibody could not precipitate LYP from
lysates of the Lck-negative JCaM1 cells (37), further supporting
the specificity of the interaction. Interestingly, the R620W
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mutation of A288LYP reduced the co-precipitation of
A288LYP with Lck and Csk (Fig. 5B), although the effect of the
mutation on the interaction with Lck was less dramatic than on
the interaction with Csk. The co-precipitation between full-
length LYP and Lck was decreased by the R620W mutation as
well (Fig. 5C). Because the effect of the R620W mutation cannot
be due to a direct interaction between the SH3 domain of Lck
and the P1 domain of LYP (12),° we assessed whether Csk
affects the interaction between LYP and Lck. Fig. 5D shows that
knockdown of Csk in T cells reduced the co-precipitation of
LYP with Lck and abolished the difference between LYP-R620
and LYP-W620. Co-precipitation between Lck and PEP was
also much decreased in thymocytes from Csk conditional KO
mice (Fig. 5E). It is unlikely that the results shown in Fig. 5 (D
and E) are due to decreased trapping of Lck by LYP, because
knockdown/knockout of Csk rather leads to increased phos-
phorylation of Lck on Tyr*** (22, 27). The above-mentioned
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FIGURE 6. Tyr®3¢ is a major Lck phosphorylation site of LYP. A and B, mapping by use of truncation mutants. A, anti-FLAG IPs were performed from lysates
of COS cells transfected with FLAG-tagged full-length LYP-S227 (lanes 1 and 5) or the truncation mutants A288LYP (lanes 2 and 6), A399LYP (lanes 3 and 7), or
A517LYP (lanes 4 and 8) alone (lanes 5- 8) or together with Lck (lanes 1-4). B, JTAg cells were transfected with FLAG-tagged truncation mutants A517LYP-R620
(lanes 1, 3, and 5) or A517LYP-W620 (lanes 2, 4, and 6). Lanes 1-4, denaturing IPs were performed from lysates of unstimulated cells (lanes 3 and 4) or cells
stimulated with C305 for 2 min (lanes 1 and 2), using anti-Tyr(P) Ab. Lanes 5 and 6 show total lysates. C and D, mapping of Tyr>>¢ by site-specific mutagenesis.
C, anti-FLAG IPs were performed from lysates of COS cells transfected with FLAG-tagged truncation mutants A517LYP-F526 (lanes 1 and 2), A517LYP-F528
(lanes 3 and 4), A517LYP-F536 (lanes 5 and 6), A517LYP-F577 (lanes 7 and 8), A517LYP-F578 (lanes 9 and 10), or A517LYP-WT (lanes 11 and 12) alone (lanes 2, 4,
5,7,9,and 17) or together with Lck (lanes 1, 3,6, 8, 10, and 12). D, JTAg cells were transfected with FLAG-tagged truncation mutants A517LYP-F526 (lanes T and
2), A517LYP-F528 (lanes 3 and 4), A517LYP-F536 (lanes 5 and 6), A517LYP-F577 (lanes 7 and 8), A517LYP-F578 (lanes 9 and 10), or A517LYP-WT (lanes 11 and 12).
IPs were performed from lysates of unstimulated cells (lanes 1, 3,5, 7,9,and 17) or cells stimulated with C305 for 2 min (lanes 2,4, 6,8, 10,and 12), using anti-FLAG
M2 beads. E, Tyr>¢is located within a highly conserved motif in the interdomain of LYP. Alignment of the aa 518 - 684 region of human LYP (Homo sapiens) with
the homolog regions of LYP from mouse (Mus musculus), rat (Rattus norvegicus), and cow (Bos taurus) is shown. The alignment was performed using
CLUSTALW?2 (41). The figure shows the alignment in ALN/ClustalW2 format. Asterisks indicate identities, colons indicate conservative substitutions, and periods
indicate semi-conservative substitutions. The underlined Ys indicate fully conserved Tyr residues in the region. The fully conserved motif around Tyr>3¢ is
highlighted in gray.

data support a model where recruitment of Csk to the P1 motif
of LYP facilitates (i) the interaction between LYP and Lck and
(ii) the phosphorylation of LYP on tyrosine residue(s). Reduced
binding of Csk to LYP-W620 leads to reduced recruitment
of Lck to the LYP protein complex and reduced phos-
phorylation of LYP-W620. In support of our model we also
observed that (i) there was no significant in vitro co-precipita-
tion between recombinant LYP and Lck purified from insect
cell lysates (data not shown); (ii) a C-terminal truncation of LYP
ataa 517 effectively abolished any interaction between LYP and
Lckin T cells and in co-transfected COS cells (data not shown);
and (iii) LYP-R620 and LYP-W620 purified from insect cell
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lysates showed identical low levels of phosphorylation on tyro-
sine, as assessed by Western blotting using an anti-Tyr(P) Ab
(data not shown). The mechanism of Csk-mediated recruit-
ment of Lck to LYP is unclear; however, as shown in Fig. 5F,
overexpression of a kinase-dead mutant of Csk reduced co-
precipitation between Lck and LYP, suggesting that recruit-
ment of Lck depends at least in part on the kinase activity of
Csk.

Tyr>3¢ Is a Major Lck Phosphorylation Site of LYP—Hypoth-
esizing that Lck is a major LYP kinase, we set out to map the Lck
phosphorylation site(s) that are less phosphorylated in LYP-
W620 than LYP-R620. We noticed that (i) N-terminal trunca-
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tion of LYP up to aa 517 did not significantly affect the phos-
phorylation of LYP by Lck in COS cells (Fig. 6A4) and (ii) the
difference in TCR-induced phosphorylation between the two
LYP variants was conserved after N-terminal truncation of the
protein to aa 517 (Fig. 6B). We also noticed that transfected
LYP2 was efficiently phosphorylated in T cells (data not
shown). Because LYP2 lacks the last three C-terminal polypro-
line domains between aa 685 and 807 (11), we reasoned that a
major Lck phosphorylation site affected by the R620W varia-
tion is likely located between aa 518 and 684. Thus, we
mutagenized all five Tyr residues between aa 518 and 684 into
Phe. Fig. 6 (C and D) shows that Y536F was the only mutation
that abolished phosphorylation of A517-LYP-R620 by Lck in
COS cells and the TCR-induced phosphorylation of A517-LYP-
R620 in T cells. Interestingly, in the region between aa 518 and
684, Tyr>® is one of the only two Tyr residues that are highly
conserved and the only one surrounded by a highly conserved
aa motif (Fig. 6E). Analysis by Netphos (38) also indicated
Tyr>*® as the only putative Lck phosphorylation site in the aa
518 — 684 region (data not shown). Phospho-mass spectrome-
try analysis of recombinant LYP-S227 in vitro phosphorylated
with Lck detected phosphate on Tyr®*® (Fig. 7A), further sup-
porting the idea that the 536 residue is a direct phosphory-
lation site for Lck. Phosphorylation of the Y536F mutant of
full-length LYP by Lck in COS cells was dramatically
decreased (Fig. 7B). We concluded that Tyr®*¢ is a major Lck
phosphorylation site in LYP. As mentioned, reduced phos-
phorylation of LYP-W620 by Csk could also play a role in the
mechanism of action of the R620W mutation. However,
N-terminal truncation of LYP at aa 517 abolished the phos-
phorylation of LYP by Csk in COS cells, suggesting that
Tyr®®® is not a Csk phosphorylation site (Fig. 7C).

Y536F Mutation of LYP-R620 Induces Gain-of-Function Activ-
ity—Fig. 8A shows that in T cells mutation of Tyr>*® to Phe
reduced the difference in phosphorylation between LYP-R620
and -W620. However, the Y536F mutation did not completely
eliminate either the overall phosphorylation of LYP or the dif-
ference in phosphorylation between the two variants of LYP,
suggesting that there is at least one additional site that is less
phosphorylated in LYP-W620. Next, we assessed whether the
mutagenesis of Tyr>*® into a Phe in LYP-R620 could mimic at
least in part the gain-of-function phenotype of LYP-W620.
LYP-R620/F536 inhibited TCR signaling more efficiently than
the wild type LYP-R620, as assessed by TCR-induced activation
of an NFAT/AP1 luciferase reporter and induction of CD69
expression (Fig. 8, B and C). These data also show that the
Phe®*® mutation attenuated differences in TCR signaling inhi-
bition between LYP-R620 and LYP-W620 in JTAg cells. Impor-
tantly, Fig. 8D shows that the Y536F mutation of LYP-R620 also
led to increased LYP phosphatase activity. We concluded that
Lck-mediated phosphorylation of LYP on Tyr>?° plays an inhib-

Reduced Tyr Phosphorylation of LYP-W620

itory role on the phosphatase activity and that reduced phos-
phorylation on Tyr>*¢ leads to a gain-of-function that contrib-
utes to the phenotype shown by the autoimmune-predisposing
LYP-W620. Reduced phosphorylation of LYP-W620 at addi-
tional sites that are targets of Lck or other kinase activities
might well contribute to the same phenotype and should be
investigated.

DISCUSSION

PTPN22 is currently classified as a “shared autoimmunity
gene,” and its association with human autoimmunity is robust
and population-independent (3). In Caucasian populations the
contribution of PTPN22 to the genetic risk of autoimmunity is
substantial: PTPN22 currently ranks in third place (after the
human leukocyte antigen and the insulin genes) and in second
place (after the human leukocyte antigen) in terms of single-
gene contribution to the etiology of type 1 diabetes and rheu-
matoid arthritis, respectively (5).

The R620W polymorphism does not result in alterations of
PTPN22 mRNA levels in primary T cells (39), and the increased
phosphatase activity is so far the only known functional conse-
quence of the R620W genetic variation. Here we report the first
study of the functional effects of the autoimmune-associated
LYP-R620W variation at the molecular level. Our current
working model is summarized in Fig. 9 and is based on several
observations, which are discussed in detail below.

First, we found that LYP is phosphorylated on tyrosine at
levels that are detectable in resting T cells and are strongly
induced in the early phase of TCR signaling. We believe that
Lck is a major LYP kinase in T cells, based on the following
evidence: (i) knockdown of Lck reduced the phosphorylation of
LYP; (ii) Lck was an efficient LYP kinase in vitro; and (iii) ZAP70
and Itk did not phosphorylate LYP, whereas phosphorylation of
LYP was conserved in Fyn KO cells. Other kinases might well
phosphorylate LYP on tyrosine residues in T cells, the most
obvious candidate being Csk. Indeed, we also observed a reduc-
tion of LYP phosphorylation after Csk knockdown and in Csk
KO cells.

Second, we showed that Lck forms a complex with LYP. This
complex seems to be constitutive, although more experiments
are needed to exclude an effect of TCR stimulation on the inter-
action between Lck and LYP. We believe that the interaction
between LYP and Lck is dependent upon/facilitated by recruit-
ment of Csk to the P1 motif of LYP and in turn facilitates the
phosphorylation of LYP by Lck. This model is supported by
the following evidence: (i) a truncation mutant of LYP missing
the P1-P4 motifs did not show any interaction with Lck; (ii)
knockdown of Csk reduced the interaction of LYP with Lck and
the phosphorylation of LYP; and (iii) importantly, in T cells
LYP-W620 showed reduced interaction with Lck and reduced
basal and TCR-induced phosphorylation. Further investigation

FIGURE 7. Tyr>3¢ is a direct phosphorylation site for Lck but not for Csk. A, detection of Tyr(P)**® by phospho-mass spectrometry. Recombinant LYP-5227
was in vitro phosphorylated with Lck, and the resulting protein mixture was separated by SDS-PAGE and stained by Coomassie. The LYP protein band was
excised and digested in gel by trypsin. The resulting peptide mixture was analyzed by nanoLC-MS/MS. The panel shows the MS/MS spectrum of the peptide
spanning residues 517-548 of LYP, showing fragment ions that unambiguously pinpoint phosphorylation of residue Tyr>3¢. B, Tyr>3¢ is a major Lck phosphor-
ylation site. Anti-HA IPs were performed from lysates of COS cells transfected with LYP-WT and LYP-F536 alone (lanes 7 and 2) or with Lck (lanes 3 and 4).
C, Tyr>3¢ is an unlikely Csk phosphorylation site. Anti-FLAG IPs were performed from lysates of COS cells transfected with Csk together with FLAG-tagged
full-length LYP-S227 (lane 1) or the truncation mutants A288LYP (lane 2), A399LYP (lane 3), and A517LYP (lane 4).
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at the molecular level is needed to assess how Csk recruits Lck
to LYP and whether Lck interacts with LYP or Csk. The data
shown in Fig. 5F suggest that Csk might recruit Lck to LYP by
inducing phosphorylation of LYP on a secondary site. Indirect
recruitment of Lck through a phospho-site could also explain

A.

Transfected Jurkat TAg cells
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Lanes 1 2 3 4 5 6 7 8
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C.

gated on HA-positive cells

TCR stimulated transfected Jurkat TAg cells,

the reduced effect of the R620W mutation in our Lck co-pre-
cipitation assays compared with the Csk ones. Alternatively, it
is possible that Csk recruits Lck to LYP through additional pro-
tein interactors. Considering the known inhibitory effect of Csk
on Lck activity, Csk-mediated recruitment of Lck to LYP might
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phorylation of Tyr>*¢ is reduced by the R620W mutation. Our
hypothesis is that reduced phosphorylation on Tyr>*® contrib-
utes to the gain-of-function phenotype of LYP-W620 and is
supported by the following evidence: (i) a Y536F mutant of
LYP-R620 showed gain-of-function inhibitory activity on TCR
signaling and (ii) the Y536F mutation increased the phospha-
tase activity of LYP-R620 to levels close to LYP-W620. Little is
currently known about the structure and function of the LYP
interdomain, where the Tyr®*® residue is located. Further
experimental evidence is needed to assess whether Tyr(P)>*°
has a direct effect on the activity or requires/recruits further
components of the LYP protein complex.

LYP is well known to negatively regulate Lck activity in effec-
tor T cells through dephosphorylation of Tyr*** in the catalytic
domain of the kinase (20). Our data now suggest that Lck in

| TCR stimulation > turn regulates LYP activity through phosphorylation of the
inhibitory Tyr®?® residue in the interdomain of the phospha-
B. TCR stimulation tase. Mutation of Tyr>3® to Phe leads to gain-of-function inhi-

bition of T cell activation, supporting the idea that reciprocal
inhibition between LYP and Lck is an important modulator of
TCR signaling. The data suggest that after TCR engagement,
increased phosphorylation of LYP by Lck acts as a positive feed-
back loop, by further boosting the activation of Lck (Fig. 94). By
reducing tonic inhibition of signaling by LYP at the time of the
initial wave of kinase activation, this feedback system might be
critically important to ensure correct TCR signal propagation.
Moreover, in resting T cells the phosphorylation levels of LYP
could modulate the T cell activation threshold.

By interfering with the formation of the complex between
LYP and Csk, the autoimmune-associated LYP-R620W poly-
morphism causes reduced interaction between LYP and Lck,
with subsequent reduced phosphorylation of LYP on Tyr>*®
and gain-of-function inhibition of TCR signaling (Fig. 9B). Such
reduced feedback between Lck and LYP likely plays a role in
mediating the gain-of-function signaling inhibition of LYP-
W620. However, the contribution of other mechanisms cannot
be excluded at present. First of all, there are additional tyrosine

Downstream signaling

FIGURE 9. Model of regulation of LYP and Lck activity by phosphorylation
of LYP on Tyr>3¢,

contribute to keep LYP activity high in resting cells by increas-
ing the dependence of LYP inhibition on TCR-induced Lck

activation levels.
Third, we mapped Tyr®?® in the interdomain of LYP as one of
the major Lck phosphorylation sites and showed that phos-

residues that are less phosphorylated in LYP-W620 compared
with LYP-R620. In addition, the polymorphism could affect the
interaction of LYP with unknown proteins and/or its recruit-

FIGURE 8. Reduced phosphorylation of Tyr®¢ on LYP-W620 leads to gain-of-function inhibition of TCR signaling. A, Tyr>¢ is more phosphorylated in
LYP-R620 than LYP-W620. Anti-HA IPs were performed from lysates of JTAg cells transfected with LYP-R620 (lanes 1 and 2), LYP-W620 (lanes 3 and 4),
LYP-R620/F536 (lanes 5 and 6), or LYP-W620/F536 (lanes 7 and 8) constructs. The cells were left unstimulated (lanes 1, 3, 5, and 7) or stimulated with C305 for 2
min (lanes 2,4, 6,and 8). B-D, phosphorylation on Tyr>*¢inhibits LYP in TCR signaling. B, activation of an NFAT/AP1 reporter. JTAg cells were co-transfected with
a 3xNFAT/AP1 firefly luciferase reporter, a control Renilla luciferase reporter, and LYP-R620, LYP-W620, LYP-R620/F536, or LYP-W620/F536. The cells were
stimulated for 7 h with OKT3 and then lysed, and luciferase activity was measured on lysates. The average = S.D. stimulation-induced increase in the ratio
between firefly and Renilla luciferase activities of lysates of cells transfected with LYP-R620 (red squares and line), LYP-W620 (blue triangles and line), LYP-R620/
F536 (green circles and line), or LYP-W620/F536 (yellow squares and line) was plotted versus LYP expression in same lysates as assessed by anti-HA blot. The lines
are nonlinear fitting of data to an exponential decay equation, and 90% confidence intervals are shown (dashed lines). The data are representative of two
experiments with similar results. C, induction of CD69. JTAg cells were transfected with HA-LYP-R620, HA-LYP-W620, HA-LYP-R620/F536, HA-LYP-W620/F536,
HA-LYP-R620/5227, or vector alone. The cells were left unstimulated or stimulated with OKT3 for 4 h and were co-stained with an AlexaFluor488-conjugated
anti-HA antibody and an allophycocyanin-conjugated anti-CD69 antibody. Live cells were gated by forward and side scatter and further gated for CD69
expression by comparison with the lower half of activated cells transfected with catalytically inactive LYP (HA-LYP-R620/5227). The corresponding percentage
of gated T cells is shown in each box. Levels of overexpression of LYP mutants are shown as histograms of AlexaFluor488 fluorescence of HA-positive cells
transfected with HA-LYP-R620 (red), HA-LYP-W620 (blue), HA-LYP-R620/F536 (green), HA-LYP-W620/F536 (yellow), or HA-LYP-R620/5227 (black). The gray-
shaded graph shows HA-negative cells. D, phosphorylation on Tyr>*¢ inhibits the phosphatase activity of LYP. JTAg cells were transfected with HA-LYP-R620,
HA-LYP-W620, or HA-LYP-R620/F536. Anti-HA IPs were performed from lysates of cells stimulated with C305 for 2 min to maximize phosphorylation of LYP, and
phosphatase activity was assessed continuously using the 14LckpCAP394 peptide as substrate. The histogram shows the average activity = S.D. of IPed
LYP-R620 (red column), LYP-W620 (blue column), or LYP-R620/F536 (green column) normalized for LYP expression by densitometric scanning of anti-HA blots of
fractions of the IPs (see bottom panel). The time of reaction was optimized to ensure initial rate conditions and avoid any significant auto-dephosphorylation
of the phosphatase (data not shown). The data are representative of two experiments with identical results.
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ment to specific subcellular fractions/compartments. Reduced
co-precipitation with Lck might not be sufficient to explain all
of the reduction in phosphorylation of LYP-W620 compared
with LYP-R620. Also, Lck might not be the only kinase acting
on the sites that are less phosphorylated in LYP-W620. Possible
effects of the R620W variation on the activity of Csk are also
worthy of further investigation, because they could contribute
to the gain-of-function inhibition of signaling observed in car-
riers of LYP-W620.

In conclusion, we reported here the first molecular model for
the gain-of-function phenotype of the LYP-W620 variant. Our
model is supported by several lines of evidence but also leaves
some open questions. For example, our data suggest that Csk
induces indirect inhibition of LYP activity in T cells, a scenario
in apparent disagreement with the results of previous studies (8,
9), which concluded that PEP and Csk act synergistically as
TCR signaling inhibitors. Functional differences between
human LYP and mouse PEP could underlie this discrepancy.
For example, because Tyr>*® is located in one of the regions
with the lowest overall homology between human and mouse
LYP (Ref. 11; see also Fig. 6E), it is possible that phosphorylation
of Tyr>®® has different effects on the activity of LYP and PEP.
Alternatively, it is possible that the stoichiometry of the inter-
action between PTPN22 and Csk is different between human
and mouse cells. Because multiple TCR signaling regulators are
known to interact with the Csk-SH3 domain in T cells (for
example see Ref. 40), competition/compensation phenomena
and the relative affinity of the various protein-protein interac-
tions involved should be taken into account when interpreting
results obtained in overexpression systems.
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