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ABSTRACT: Phosphorylation of the TNE- receptor TNF-R1 has been shown to differentially regulate
receptor signaling and function and promote changes in its subcellular localization. Previous studies have
shown that p42arkekphosphorylates Ser and Thr residues (T236, S240, S244, and S270) in the membrane
proximal region of TNF-R1 and that mutation of these residues to Glu and Asp residues (TNF-R1.4D/E)
mimics the effect of phosphorylation on receptor signaling and localization. In the present study, we
investigated whether the initial phosphorylation of these residues by2p&22promotes hierarchical
phosphorylation of additional sites within the cytoplasmic domain of TNF-R1. This question was addressed
by investigating the ability of the TNF-R1.4D/E mutant receptor to be phosphorylated in in vitro kinase
assays using GST-mutant cytoplasmic domain fusion proteins as substrates and in intact cells following
mutant receptor expression. In addition, we determined the location of the additional phophorylation sites.
Incubation of Sepharose bead-bound GST-TNEeR1:54D/E fusion protein with lysates containing
activated p42arkek|ed to the phosphorylation of Ser and Thr residues in addition to the previously
defined sites at T236, S240, S244, and S270. Deletional mutagenesis localized these residues to a stretch
of 14 amino acids that encompasses three basic Pro-directed ([S/T]P) kinase consensus sequences located
between residues S256 and T267. Point mutagenesis of T257, S262, and T267 to Ala residues indicated
that these sites are targets of phosphorylation by"g#2«2 These findings support the conclusion that
p42rapkerkZpnromotes extensive phosphorylation of the membrane proximal region in a hierarchical fashion

at both consensus and nonconsensus ERK-phosphorylation sites.

The TNFo! receptor, TNF-R1, (p55, CD120a) has been cell proliferation, innate immunity, and germinal center
implicated in a wide range of functions including apoptosis, development. Ligand binding induces recruitment of the
adaptor protein, TNF receptor-associated death domain
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et al. @) have shown that TNF-R2 is phosphorylated by Inthe present study, we addressed the question of whether
casein kinase-1, an event that negatively regulates apoptosishe initial phosphorylation of TNF-R1 by p&gekerk2 gt
induced by ligation of TNF-R2. The LB-receptor and Fas  residues T236, S240, S244, and S270 was required to initiate
are also targets of phosphorylation, but the Ser/Thr kinasesphosphorylation at additional sites within the cytoplasmic
that mediate these events have not been identied 1. domain. As we will show, three Ser/Thr-rich clusters
With respect to TNF-R1, initial studies showed that the containing the core [S/T]P motif located within the mem-
receptor is phosphorylated on Ser and Thr residues by p60-brane proximal region of TNF-R1 are phosphorylated by
TRAK (15, 16, a staurosporine-sensitive Ser/Thr kinakg ( p42rapklerk2 in - a hierarchical fashion following the initial
and also by PKG5 (18). Studies reported by us have shown phosphorylation at nearby consensus ERK-phosphorylation
that the cytoplasmic domain of TNF-R1 is phosphorylated sites.

by p42rapkerk2 gt consensus ERK-phosphorylation motifs

located within the membrane proximal regiah 10. These EXPERIMENTAL PROCEDURES

studies revealed that mutation of T236 and S270 to Ala ) _
residues abolished the inducible phosphorylation of TNF-  Materials.C3H/HeJ mice were used throughout the study
R1 observed in response to TNFstimulation of bone and were bred at the Biological Resource Center at National

marrow macrophaged(). A consequence of phosphoryla- Jevyish. Recombinantlmous_e TNFand hamster monoclonal
tion of TNF-R1 by p42epkerk?is that the ability of the anti-TNF-R1 antagonist antibody were purchased from R&D

receptor to induce apoptosis is lo&t9), and it becomes Systems (Minneapolis, MN). The mitogen-activated protein

redistributed from the Golgi complex to peri-nuclear elements Kinase kinase (MEK) inhibitor, U0126, was obtained from

of the endoplasmic reticulun), In contrast, phosphorylation ~ Calbiochem (La Jolla, CA). The pGEX vectors and glu-
of TNF-R1 by p4Z@rkerehas no effect on the ability of the tathione-Sepharose beads were purchased from Amersham-

receptor to promote the activation of MB (19). Thus, the ~ Pharmacia Biotech (Piscataway, NJ). The pFLAG.CMV1
phosphorylation of TNF-R1 by p#2°PKe’2 has important vector was purchas_ed from Sigma (St. _Lows, MO). ABI
implications for the regulation of receptor signaling and the PriSm Ready Reaction Dye Deoxy Terminator Sequencing
activation of downstream effector functions. Kits were obtained from Perkin-Elmer/ABI (Foster City,
: ; ; CA). Lipofectamine reagent and Opti-MEM were purchased
The primary sequence of the cytoplasmic domain of TNF- ! . )
R1 is rich in Ser, Thr, and Pro residues and, in addition to from Life Technologies (Gaithersburg, MD). Gelcode blue

the previously studied consensus ERK-phosphorylation sites, V&S purchased from Pierce Scientific (Rockford, IL). The

i = klerk2
contains a number of potential basic Pro-directed Ser/ThreﬁRrES;koznw\fCtoﬁ for H?ttz:_ggléﬁbn?_pus p4t2m tap derf
kinase phosphorylation sites conforming to the minimal (HA. WT) and a constitutively active mutated form

sequence [S/T]P20, 21). Previous studies have shown of XenopusMEK-1 (MEK1.CA) in the pcDNA3 vector

heterogeneity in the degree of phosphorylation of TNF-R1 (Invitrogen, Carlsbad, CA) were a generous gift fr_om Dr.
(7, 10, raising the possibility that the initial phosphorylation Lynn Heasley (Department of Renal Medicine, UnlverS|ty'
of the cluster of Ser/Thr residues located at T236, S240, of _Coloradp Health Sc'ef?ces Cent(_a_r, Denver, %e?k)z Consti-
S244, and S270 may promote hierarchical phosphorylationtlmvely active MEK-l-_actlvated purified rat pRF<er“was

at additional sites. Hierarchy and synergy in phosphorylation purchased from Calt?lochem (La Jolla, CA). .

have been observed in other proteins and lead to changes in Macrophage Isolation and Cultur&one marrow-derived
secondary or tertiary structure thereby rendering additional macrophages were cultured from mouse femoral and tibial
sites available for phosphorylation. Moreover, hierarchical bone marrow as previously describe2d). Briefly, bone
phosphorylation has been shown to alter protein function. Mmarrow-derived progenitor cells were plated at a density of
For example, Kollewe et al.2Q) have shown that the 1 x 10° cells per well in 6-well plates and cultured in
phosphorylation of the interleukin-1 receptor-associated Dulbecco’s modified Eagle’s medium (DMEM) containing
kinase 1 (IRAK-1) at T209 induces a conformational change Penicillin (100 units/mL), streptomycin (10@g/mL), 10%

of the kinase domain, leading to phosphorylation of T387. (V/V) heat-inactivated fetal calf-serum, and 10% (v/v) L929
This enables further phosphorylation of IRAK-1 in the [S/T]P  conditioned medium (as a source of CSF-1). The cells were
rich region between the N-terminal death domain and kinase incubated at 37C in a 10% (v/v) CQ atmosphere. After 5
domain leading to the dissociation of IRAK-1 from the days, they were given additional media, which was replaced
upstream adapters MyD88 and Tollip. Similarly, upon ©n day 6.

activation by light, rhodopsin becomes phosphorylated by  Construction and Expression of Deletional and Site-
rhodopsin kinase on seven Ser and Thr residues located irDirected Mutants of TNF-R1 (p55Jhe construction of the
the C-terminal region 23). Nuclear magnetic resonance vectors encoding the GST-TNF-R1 cytoplasmic domain
(NMR) studies of the 19 amino acid C-terminal peptide have fusion protein (GST-TNF-Ri7-425) and the GST-TNF-
shown that phosphorylation at a single site induces a majorR1,07-425 point and deletion mutants has been previously
conformational change leading to the unmasking of the described 10). The full-length plasmids encoding FLAG-
remaining residues. These conformational changes are betagged wild-type and phosphorylation mimic TNF-R1 have
lieved to be necessary and sufficient to promtarrestin also been described previousk).(The deletion mutants that
binding, which is thought to interfere with heterotrimeric are presented in Results were created by PCR using primers
G-protein binding, leading to receptor desensitization. Thus, in which EcaRl and Sal restriction sites were incorporated

it is possible that the initial phosphorylation of TNF-R1 at in the sense and antisense oligonucleotide primers, respec-
T236 and S270 induces conformational changes in thetively. Single and multiple point mutants were constructed
membrane proximal region of TNF-R1 leading to the by site-directed mutagenesis using overlapping PCR as
unmasking of other phosphorylation sites. previously describedl(Q) and also incorporatingcoRl and
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Sal sites as describedl). All PCR products were gel-  A. Invitro kinase assay

purified, digested withEcdRl and Sal, and ligated into TNF-R1 TNF-R1
EccRI and Sal-digested pGEX-5X-1. The fidelity of all 1
constructs was verified by nucleotide sequencing using TNF-RT  Spa4D  T236A  S244A

. . . . . Wild type A GST
flanking and internal primers and was conducted in conjunc- pe _Serb  _Serom _S20

tion with the sequencing facility at National Jewish Medical = VT

and Research Center (Denver, CO). Kinase activity [s .-. - - -—
Kinase Actiity Assays and Two-Dimensional Phospho-

amino Acid AnalysisThe phosphorylation of solid-phase

GST-TNF-R1 cytoplasmic domain fusion proteins was Protein | W Sem T8 S5 CSS TS S oan

measured using in vitro kinase assays as previously describec

(7). Briefly, GST-TNF-R1 cytoplasmic domain fusion pro-

TNF + - +

teins were adsorbed to glutathione-Sepharose 4B beadSpnespho-erkie - 8 ) 3
Lysates from stimulated or unstimulated bone marrow- .
derived macrophages were precleared with 20 GST- Ficure 1: Phosphorylation of wild-type GST-TNF-Rsk 425 and

Sepharose beads for 20 min at@, followed by incubation consensus ERK-phosphorylation site mutants (GST-TNF-
with GST-TNF-R1-coated beadsrfa h at 4°C. The beads  Rleor4254D/E, GST-TNF-Rio74252A, and GST-TNF-R7-4254A)

; ; _ ; : by lysates from unstimulated and TNEstimulated (10 ng/mL,
were washed twice with NP-40 lysis buffer (50 mM Tris/ 10 min) macrophages. Upper panel, in vitro kinase assays using

HCI buffer, pH 8.0, containing 1% (v/v) NP-40, 137 MM e indicated GST-TNF-R1 cytoplasmic domain fusion proteins

NaCl, 1 mM NaF, 1 mM phenylmethylsulfonylfluoride, 10  show that phosphorylation occurs at additional nonconsensus ERK
ug/mL leupeptin, 5ug/mL aprotinin and 1 mM Na&/Oy), sites. Phosphorylation at these sites is dependent on initial phos-
twice in PAN buffer (10 mM Pipes buffer, pH 7.0, containing phorylation at the consensus ERK-phophorylation sites located at

. T236, S240, S244, and S270. Middle pamglicode blue staining
100 mM NaCl and 1Qug/mL aprotinin), and were then shows that equal amounts of fusion protein were used in each

rgsuspended in 34 of PAN.b'uffer. Kinase buffer (20 MM experimental pair. Lower panémmunoblot for active phospho-
Pipes buffer, pH 7.2, containing 10 mM MnGind 20ug/ rylated ERK in whole cell lysates showing that pagerkzwas

mL aprotinin), together with 12Ci [32P]-y-ATP, was added activated following stimulation with TN These results are

to the beads to a final volume of 78, incubated at 30C representative of at least three experiments.

for 20 min, and terminated by the addition ok 3.aemmli , . )
buffer containing 100 mM dithiothreitol. The samples were S€Pharose beads. TNF-R1 was immunoprecipitated overnight

boiled for 5 min, separated on a 12% SB®lyacrylamide &t 4 °C with 10 g of antagonist hamster anti-TNF-R1
gel, and then transferred to PVDF or nitrocellulose mem- Monoclonal antibody and 5L of protein A-Sepharose
branes for autoradiography. Two-dimensional phosphoaminoP€ads. The beads were then washed 12 times with NP-40
acid analysis of phosphorylated fusion proteins was carried 'YSiS buffer and resuspended in 50 of Laemmli sample
out as described by Hunter and Seft@8)(with previously buffer, and the release_d proteins were reso_lved by -SDS
reported modificationsl(). Binding of p421apker2io GST- PA_GE, transferred to nitrocellulose, and subjected to auto-
TNF-R1 cytoplasmic domain fusion proteins was determined radiography.
by an in vitro pull-down assay using the same approach ASpESULTS
described above for the in vitro phosphorylation assays. The
beads were washed eight times with NP-40 lysis buffer, Phosphorylation of TNF-R1 by p#gkerk2|s Not Limited
boiled in Laemlli sample buffer, separated by SEFAGE, to Consensus ERK SiteRo address the question of whether
and transferred to nitrocellulose membranes. Bound'342* the initial phosphorylation of residues 7236, S240, S244,
was detected by immunoblotting with an anti-ERK antibody. and S270 is necessary and sufficient to promote phospho-
Transfection and ¥P]-Labeling of Intact Cells.Trans- rylation at other sites, we constructed a TNF-R1 cytoplasmic
fection and §2P]-labeling of COS-7 cells has been previously domain fusion protein (GST-TNF-Rg-4,54D/E) in which
described 10). COS-7 cells were maintained in Dulbecco’s the four consensus ERK-phosphorylation sites (T236, S240,
modified Eagle’s medium containing 10% (v/v) fetal bovine S244, and S270) were mutated to acidic residues (Asp for
serum, 100 U/mL of penicillin G, 100g/mL of streptomy- Ser and Glu for Thr) to (i) mimic the effects of phospho-
cin, and 2 mM glutamine. Approximately  10° COS-7 rylation and (ii) render these sites unavailable for phospho-
cells were seeded in 6-well (35 mm) dishes and transfectedrylation. Previous studies have shown that these mutations
the following day with 0.5ug of DNA and 10uL of qualitatively recapitulate the effect of phosphorylation of the
Lipofectamine reagent in a total volume of 1 mL of Opti- full-length receptor with regard to functional activity and
MEM medium. Six hours after transfection, 1 mL of subcellular localization®, 19. The GST-TNF-Ry7-4254D/E
Dulbecco’s modified Eagle’s medium containing 20% (v/v) fusion protein was bound to glutathione-Sepharose beads and
fetal bovine serum, 100 U/mL of penicillin G, 1Q@y/mL used as a substrate in in vitro kinase assays using lysates
of streptomycin, and 2 mM glutamine was added to each from TNF-o-stimulated (10 ng/mL, 10 min) mouse mac-
well. Eighteen hours after transfection, the cells were washedrophages as a source of [j#2/¢<2 As shown in Figure 1
with phosphate-free medium and metabolically labeled by (top panel), the GST-TNF-Rd;-4254D/E fusion protein was
incubation in phosphate-free Eagle’s minimal essential heavily phosphorylated in the presence of lysates from TNF-
medium containing 1 mCi offfP]-orthophosphate for 6 h.  a-stimulated macrophages compared to unstimulated cells.
The cells were then lysed in 250 of NP-40 buffer (as Since the four consensus ERK-phosphorylation sites are not
described above in the kinase assays), and postnucleaavailable for phosphorylation in this TNF-R1 cytoplasmic
supernatants were precleared with 2b of protein A- domain fusion protein, these findings suggest that phospho-
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A. NG 1 e s assays were repeated with a GST-fusion protein in which
3&13206 R s the T236, S240, S244, and S270 ERK-consensus sites had
- - +

& been mutated to Ala (TNF-R1.4A), the fusion protein was
.{ not phosphorylated (Figure 2C, lane 2). These findings

GETSTNERIT - R suggest that (i) the cytoplasmic domain of TNF-R1 is subject

to further phosphorylation at additional sites to the four
consensus ERK phosphate acceptor sites, (ii) phosphorylation
is both dependent upon, and mediated by, activatetidps?

and (iii) the initial phosphorylation of the consensus ERK-
phosphorylation sites (T236, S240, S244, and S270) is
necessary to enable phosphorylation at nonconsensus ERK
sites.

Additional Phosphorylation Sites Are Located between
N250 and S30CPrevious studies have shown that phospho-
rylation of the cytoplasmic domain of TNF-R1 by ppgh/erk2
occurs in the membrane proximal region (residues-2200)
but not in the C-terminal region containing the death domain
(residues 294425) (L0). These findings suggest that the Ser/
Thr phosphorylation sites, including those at nonconsensus
Protein e ERK sites, are located between residues-2800. To begin

- to map the additional nonconsensus ERK-phosphorylation
FIGURE 2. Phosphorylation of GST-TNF-Rds454D/E at non- sites,. we created two Tl_\ll_:—Rl membrane proximal region
consensus ERK sites is mediated by p#gek2 (A) Phosphory- deletion mutants, comprising residues 2@b4 and 256-
lation of GST-TNF-R3o7-4254D/E by TNFe-stimulated macro- 300 in which the consensus ERK-phosphorylation sites were
phage lysates is inhibited in the presence of the MEK1/2 inhibitor, mutated to acidic residues to mimic the effects of phospho-

U0126. (B) Inhibition of p4Zarketkactivation in TNFe-stimulated ; ; i
mouse macrophages in the presence of U0126. (C) In vitro rylation (constructs 8 and 9 shown schematically in Figure

phosphorylation of GST-TNF-Rd;4254D/E by recombinant MEK-  3A)- These regio_ns were then expressed as GST-fusiqn
l-activated p4parkiek2 Upper panel autoradiograph of in vitro  proteins as described above and were tested, together with

kinase assay using wild-type full-length TNF-lg1 425 (GST-TNF- the full-length membrane proximal region spanning residues
R1), GST-TNF-Rigz-1254A (GST-TNF-R1.4A), and GST-TNF-  507-300, in in vitro kinase assays for their ability to be

R1507-4254D/E (GST-TNF-R1.4D/E) as substrates in the presence ; .
of [3%P]-y-ATP. Lower panelgelcode blue staining showing that phosphorylated by lysates from TNEstimulated macro

similar amounts of the TNF-R1.4A and TNF-R1-4D/E mutants were Phages. As can be seen in Figure 3B (upper panel), the full-
used. Results shown are representative of three different experi-length membrane proximal region (TNF-B43004D/E) and
ments. its distal half (TNF-Rs0-300.D) were heavily phosphory-
lated, while the proximal half comprising residues 2264
rylation occurred at nonconsensus ERK sites. Mutagenesis(TNF-R1,07-254.3D/E) was not phosphorylated. These data
of both the primary (T236 and S270) and primary and suggest that the additional non-ERK consensus phosphory-
secondary ERK-consensus sites (T236, S240, S244, andation sites are located between residues N250 and S300.
S270) to Ala prevented the GST-TNF-R1 cytoplasmic We therefore created a further series of deletion mutants,
domain fusion proteins from being phosphorylated by lysates based on TNF-R1.4D/E, in which regions from the distal
from TNF-o-stimulated macrophages (Figure 1, top panel), end of the full-length membrane proximal region were
indicating that phosphorylation at these sites is necessary tosequentially removed (GST-TNF-R} 2653D/E), GST-
support the_ subsequent phosphorylation at non-ERK- TNF-R1y97-2754D/E), and GST-TNF-Rib72s54D/E). Figure
consensus sites. 3B (upper panel) shows that each of these deletion mutants
Since previous studies have shown that}#4'%"™%is both was phosphorylated in a TNé&+esponsive manner narrow-
necessary and sufficient to support the Tbifelependent  ing the region of additional phosphorylation to residues-250
phosphorylation of TNF-R17), we next determined if the  285.
TNF-o-dependent phosphorylation of GST-TNF2R14254D/ Examination of the amino acid sequence of TNFg2%ss
E was also mediated by pz®Ke2 Macrophage monolayers identified three areas which each encompasses a basic Pro-
were pretreated with the MEK1 inhibitor, U0126, prior to directed kinase motif ([S/T]P) and one or more additional
stimulation with TNFet (10 ng/mL, 10 min), lysis, and  Ser and/or Thr residues. The clusters are located at amino
determination of the ability of the lysates to phosphorylate acids 256-257, 261262, and 265267 (Figures 3A and
the GST-TNF-R1y7-4254D/E fusion protein in an in vitro ~ 6A). We therefore made further deletion mutants (TNF-
kinase assay. As can be seen in Figure 2A, pretreatment withR 107266 3D/E, TNF-R%o7-2643D/E, and TNF-Ry7—256 3D/E)
U0126 completely inhibited the phosphorylation of the GST- in which the Ser/Thr-rich clusters containing a [S/T]P motif
TNF-R107-4254D/E under conditions in which the inhibitor ~ were successively deleted (Figure 3A). The fusion proteins
also blocked the activation of p#2ve2 (Figure 2B). In were then tested for their ability to be phosphorylated in in
addition, incubation of GST-TNF-Rd-4254D/E-coated vitro kinase assays. As shown in Figure 3B (lower panel),
beads with purified MEK1-activated recombinant rat TNF-o-stimulated phosphorylation of the fusion proteins
p42raekek2 in an in vitro kinase assay also resulted in decreased progressively as each of the clusters were sequen-
substantial phosphorylation of the GST-TNF2R14254D/E tially eliminated. As noted earlier in Figure 3B, phospho-
fusion protein (Figure 2C, lane 3). When the in vitro kinase rylation was completely lost when all three clusters were

B. Phospho-
ERK1/2

v
|
|

GST- TNF-R1
GST-TNF-R1.4A
GST-TNF-R1.4D/E

;

[*2P]-Label
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A. Deletion mutants of TNF-R1 T236E/S240D/S244D/S270D TNFa - oz
STP SSPSTP S S
207-800 | Eopb 1 I 15 | - T - L
207-285 [ E DD [T o ] . »
207-275 | ED D I Y TNF-R207.055
207-269 | SR W | . '
Bip.San I To ] i
268-300 L ]
207-265 | ED D [ [ 'S L ‘ L
207-264 [ E D D [ 1T 11 TNF-R 1,57 405 . . '
207-259 | E DD ] T236E/S240D/S244D/S270D
207-254 | E DD | .Y '
B. In vitro kinase assay
To36E  T236E T236E  T236E 2 T i T
S240D S240D T236E T236E S240D  S240D TNF-R1 .
S244D S244D S240D S240D S244D  S244D 207-256
S270D S270D S244D S270D S244D S270D  s270D T236E/5240D/5244D/5270D

207-425 207-300 207-254 250-300 207-265 207-275 207-285
TNFa -

+ -+ - - -+ -+

+ - Y
L
| PP N
> .
) = . F. . - - TNF-R1 50756 .

T236E/5240D/5244D/S270D
T236E ¥
S240D T236E  T236E  T236E Y
S244D S240D  S240D  S240D
$270D S244D  S244D  S244D S270D s = )
207-425 207-250 207-264 207-260 268-300  GST . ' L
TNFo. -+ -+ - & -+ - 4+ -4 TNF-R1,07 56 .
T236E/5240D/5244D/S270D
Yoo -
Y Y
— »
> > - ... Ficure 4. Phosphoamino acid analysis of the deletion mutants

shown in Figure 3 following in vitro kinase assays with lysates
Ficure 3: Phosphorylation of GST-TNF-Rg-4254D/E deletion from unstimulated and TNE=stimulated macrophages. Left upper
mutants by lysates from TN&-stimulated macrophages. (A)  spot= Ser, right upper spot Thr, and bottom spot Tyr. The
Schematic representation of the deletion mutants tested showingresults shown are representative of three different experiments.
the position of the consensus ERK (D and E) and basic [S/T]P

kinase sites (dark shading). (B) In vitro kinase assays of the [S/T]P motif is phosphoryated on both Ser and/or Thr

indicated deletion and point mutants. Lysates were obtained from residues within the region encompassed by residues- 250
unstimulated and TNIe-stimulated (10 ng/mL, 10 min) mouse 9

macrophages. The results are representative of three experiments. . . .
Filled arl)rro&/heads represent the pgsition of the GST-fusionpproteins To verify the role of p422°Ke™in the phosphorylation of
as deduced by staining with Gelcode Blue. the three Ser/Thr-rich clusters, we also examined the ability
of MEK1-activated recombinant rat pa2ke2tg phospho-
removed in the TNF-R}7-2543D/E mutant. Two-dimen-  rylate the deletion mutants in an in vitro kinase assay. As
sional phosphoamino acid analyses of the phosphorylatedshown in Figure 5A, incubation of GST-TNF-R1 256 3D/E,
GST-TNF-RL077259.3D/E, GST-TNF-R&.Q77254,3D/E, and GST-TNF-RL077264,3D/E, and GST'TNF'Rz.’b77269.3D/E fu-
GST-TNF-R%o7260.3D/E fusion proteins revealed that all sion proteins with activated p#gke?resulted in a similar
three fusion proteins were phosphorylated on both Ser anddegree of phosphorylation to that seen with lysates from
Thr residues (Figure 4). We also constructed a cytoplasmic TNF-a-stimulated macrophages. In addition, two-dimen-
domain fusion protein encompassing residues—288 to sional phosphoamino acid analysis of the phosphorylated
determine the relative contribution of Ser and Thr residues fusion proteins revealed an identical pattern of phosphory-
present in this region. In view of the importance of residue lation of Ser and Thr residues to that obtained using lysates
S270 in the phosphorylation of TNF-R1@), we designed  from TNF-o-stimulated macrophages (Figure 5B). Col-
the mutant to contain the S270D mutation. However, lectively, these findings suggests that multiple Ser and Thr
phosphorylation of the GST-TNF-Rsb-300.S270D fusion residues located between A250 and 1269 are phosphorylated
protein was barely detectable (Figure 3B, lower panel), at nonconsensus ERK sites by pag/erk2
suggesting that Ser/Thr residues within this region are not Point Mutagenesis of the Pro-Directed MAPK Consensus
significant phosphate acceptor sites. We also noted basal andbites. To map the location of the nonconsensus ERK-
or inducible tyrosine phosphorylation of TNF-R1 425 in phosphorylation sites, the TNF-R1 4254D/E mutant was
some experiments, though this was not a consistent finding.subjected to further point mutations to Ala at single or
However, previous studies by Darnay and Aggarwag) ( multiple combinations of the [S/T]P kinase motifs located
have shown that Y331, located in the death domain, can beat T257, S262, and T267. These mutants were also tested
phosphorylated by c-Src. Collectively, these findings suggest for their ability to be phosphorylated in in vitro kinase assays.
that each of the three Ser/Thr-rich clusters containing the A summary of the single, double, and triple mutants of T257,
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A. In vitro kinase assay

T236E T236E T236E
S5240D S240D S240D
S244D S244D S244D S244D
§270D S270D S270D S270D

WT  207-425 207-259 207-264 207-269 GST

T236E
S5240D

B. Phosphoamino acid analysis
TNF-R1 207-425
T236E/S240D/S244D/S270D

o _
.

WT

OS,T

Y Y
S T S T S T
Y Y Y

CD1208,; CD1208, 50, CD1208,; 260
T236E/S240D/S244D T236E/S240D/S244D T236E/S240D/S244D

Ficure 5: Phosphorylation of GST-TNF-Rg-4254D/E deletion
mutants by constitutively active rat recombinant papgek2 (A)

In vitro kinase assay with the indicated point and deletion mutants.
(B) Phosphoamino acid analysis of the in vitro phosphorylated GST-
TNF-R107-4254D/E deletion mutants. The results shown are
representative of three different experiments.

S262, and T267 are shown in Figure 6A. As shown in Figure
6D, mutation of all three [S/T]P kinase motifs to Ala

prevented the TNF-R1.4D/E cytoplasmic domain fusion
protein from being phosphorylated, indicating that one or
more of the [S/T]P sites is subject to phosphorylation. In
addition, mutation of these sites to Asp and Glu to mimic
their phosphorylation did not lead to further phosphorylation,

Biochemistry, Vol. 44, No. 18, 200%985

A. Diagram
Mutant x7 M\ BT
PLEPAFDPAFLP..... STPGFSSPVSSTP ID
T257A
SoR0A
T2B7A
T257AIS2624
T257TAT6TA
SOBRATBTA
T257A/SHBRATETA A
T25TE/S262DITHETE S D-----Der-

B. Single point mutants T236E T236E T236E
T236E S240D S240D S240D
$240D S244D S244D S244D
$244D §270D §270D $270D
S270D T257A S262A T267A

TNFa ra

+ -+ - + -
_—— — —
P

C. Double point mutants

T236E T236E T236E
S$240D S240D S240D
T236E $244D S244D S244D
S240D $270D $270D S$270D
S244D T257A T257A S262A
TNE $270D S262A T267A T267A
o
- + - + - + = +
- ee®e®
D.  Multiple point mutants T236E T236E
$240D S240D
S244D S244D
T236E S270D S270D
§240D T257A T257E
S244D S262A S262D
S270D T267A T267E
TNFa - + 5 + - +

- -

Ficure 6: Phosphorylation of GST-TNF-Rg;4254D/E point and

suggesting that there are no additional sites that becomedeletion mutants by lysates from TNEstimulated (10 ng/mL, 10

inducibly phosphorylated. Single and double mutations of
the [S/T]P kinase motifs were also created (Figure 6A) and
tested for their ability to be phosphorylated. Figure 6B shows
that mutation of any one site to Ala did not substantially
alter phosphorylation compared to other sites. Mutation of
any two sites to Ala (Figure 6C) likewise did not lead to a
striking loss of inducible phosphorylation. Collectively, these
findings suggest that all three sites become inducibly

min) and unstimulated macrophages. (A) Schematic representation
of basic [S/T]P kinase motif point mutants tested. (B) In vitro kinase
assays using GST-TNF-Rt-4254D/E single [S/T]P kinase point
mutants. (¢ In vitro kinase assays using GST-TNF-Jg 4,54D/E
double [S/T]P kinase point mutants.) vitro kinase assays using
GST-TNF-RZ%o7-4254D/E triple [S/T]P kinase point mutants. The
basic [S/T]P kinase sites that were subjected to mutagenesis are
highlighted in boldface. The results shown are representative of
three different experiments.

phosphorylated regardless of the order in which they are binding of p42aekierk2 from unstimulated and TNB-

phosphorylated.

The Kinase p42Pketk? |nteracts with the Membrane
Proximal Region of TNF-RIThe finding that p4parkierk2jg
responsible for the phosphorylation of multiple sites located
in the membrane proximal region of TNF-R1 raised the
guestion of whether p42eke2interacts with TNF-R1 and,
if so, whether phosphorylation affects this interaction. To
address these issues, we first determined if "pA&k?
interacted with the cytoplasmic domain of TNF-R1 using
an in vitro pull-down assay with bead-bound GST-TNF-
Rl07-425 and lysates from unstimulated and TNF-

stimulated macrophages, suggesting that binding to TNF-
R1 was not affected by pAgkekactivation (data not shown).
Next, we determined if p4ZPke? interacted with the
membrane proximal region, the death domain or both regions,
using bead-bound GST-TNF-R%-300 and GST-TNF-
R1,94-425 fusion proteins (Figure 7A). As can be seen in
Figure 7B (upper panel), p&2kek2\was bound by GST-
TNF'R].ZO77300, but not by GST-TNF-Réb47425 indicating
that the interaction between g#ekek2and TNF-R1 occurs
via the membrane proximal region. We also investigated the
effect of phosphorylation of TNF-R1 at T236, S240, S244,

stimulated macrophages as a source of dephosphorylated andnd S270 on the interaction with ge@~e2phy conducting

activated p42arkekZ Figure 7B (upper panel) shows that
p42rapketk?hound to bead-bound GST-TNF-RB1 425 but not
to GST alone. No differences were noted in the level of

in vitro pull-down assays using the GST-TNF-R1 and GST-
TNF-R1.4D/E fusion proteins. As can be seen in Figure 7B
(lower panel) we observed a similar level of binding of
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A. Deletion and phosphorylation site mutants of TNF-R1
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Ficure 7: (A) Schematic representation of the delection and point
mutants tested. (BUpper panel p42napkierk2 interacts with the
membrane proximal region of TNF-R1. Lysates of unstimulated

Van Linden et al.

TNF-R1 Wild Type
TNF-R1.4D/E
MEK1.ca + p42mapkierk2
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+
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Ficure 8: Phosphorylation of wild-type TNF-R1 and TNF-R1.4D/E

in COS-7 cells. COS-7 cells were transfected as indicated with either
plasmids that express constitutively active MEK1 (MEK1.CA) and
wild-type p42rarklekz or empty vector as a control to induce
phosphorylation of the transfected receptors. The cells were labeled
with [32P]-orthophosphate and lysed, and TNF-R1 was immuno-
precipitated and analyzed by SBBAGE, blotting, and autorad-
iography. Upper panghutoradiograph of3gP]-labeled wild-type
TNF-R1 and TNF-R1.4D/E. Lower panel, immunoblot with anti-
TNF-R1 (p55) antibody. The results shown are representative of
three different experiments.

+

Immunoprecipitation —»]

Immunoblot —p

DISCUSSION

The cytoplasmic domains of several members of the TNF
receptor superfamily become inducibly phosphorylated on

mouse bone marrow-derived macrophages were incubated withSer and Thr residues in response to ligand binding. With

Sepharose bead-bound GST alone, GST-TNErRzks, GST-TNF-
R1597-300, OF GST-TNF-R%94- 425 Bound p42‘apk’e'kzwas detected

by Western blotting with anti-ERK antibody. Lower parygi2napkierk2
binding to TNF-R%07-425is unaffected by TNF-R1 phosphorylation.
Binding was analyzed as described above using Sepharose bea
bound GST alone, GST-TNF-Rk_425, or GST-TNF-R1.4D/
Ezo7-425 The results shown are representative of three different
experiments.

p42mapkierk2 1o poth wild-type TNF-R1 and TNF-R1.4D/E
fusion proteins, indicating that the interaction was not
affected by phosphorylation of TNF-R1.

Phosphorylation of TNF-R1 and the Phosphorylation
Mimic TNF-R1 in Intact CellsWe next determined if the
TNF-R1.4D/E mutant was also phosphorylated in intact cells.
As with the GST-fusion protein, the full-length TNF-
R1,-4254D/E receptor mimics the phosphorylated receptor
in addition to being rendered incompetent for phosphoryla-
tion at any of the consensus ERK-phosphorylation sites.
TNF-R1;,-4254D/E was transiently transfected into COS-7
cells in the presence or absence of wild-type#4¢™?and
constitutively active MEK1. The cells were then labeled with
[32P]-orthophosphate (1 mCi/well, 5 h) prior to immunopre-
cipitation and analysis by SBS?AGE and autoradiography.
As can be seen in Figure 8, wild-type TNF-R1 was
phosphorylated with®?P in the presence, but not in the
absence, of MEK1.CA and pagkekZ |n contrast, while
there was a low level of phosphorylation of TNF1R:ks4D/E
in the absence of MEK1.CA and pA2kek2 the mutant
receptor was heavily labeled witfP in the presence of active
p42raeke’? indicating the presence of additional sites of
phosphorylation. Western blotting with an anti-TNF-R1
antibody showed that both the wild-type and TNF-R1.4D/E
receptors underwent an upward shift in mobility in the
presence of MEK1.CA and pagkek2 consistent with the

interpretation that both receptors are subject to phosphory-

lation (Figure 8).

regard to TNF-R1, recent work has established that the
receptor is initially phosphorylated by pa2<e2at con-
sensus ERK-phosphorylation sites located at T236 and S270,

dwith subsequent phosphorylation occurring at S240 and S244

(7, 10. Mutation of T236 and S270 to Ala residues prevents
receptor phosphorylation, suggesting that phosphorylation of
TNF-R1 occurs in a sequential fashion. These findings are
consistent with the interpretation that the initial phosphory-
lation of T236 and S270, perhaps by altering the secondary
structure of the membrane proximal region of the receptor,
exposes S240 and S244 thereby enabling the kinase to
catalyze their phosphorylation. In the present study, we have
determined whether phosphorylation of T236, S240, S244,
and S270 initiates additional hierarchical phosphorylation at
other sites. This question was addressed by constructing a
mutant receptor in which the T236, S240, S244, and S270
phosphorylation sites were mutated to acidic residues to (i)
mimic the charge change associated with phosphorylation
and (ii) prevent the phosphorylation of these residues. This
approach thereby enabled us to distinguish between phos-
phorylation at both consensus ERK sites and nonconsensus
ERK-phosphorylation sites. The major finding of the work
presented herein is that p#2kek2is capable of phospho-
rylating TNF-R1 within the membrane proximal region at
three additional nonconsensus ERK-phosphorylation sites.
These findings are consistent with earlier studies showing
heterogeneity in phosphorylated species of TNF-R1 as
detected by gel-shifting upon SB®AGE (7, 10 and
support the conclusion that the Ser-, Thr-, and Pro-rich
membrane proximal region of TNF-R1 undergoes an ordered
hierarchical sequence of phosphorylation events in the
presence of activated pazkerkz

The phosphorylation of the TNF-Rgb-4254D/E GST-
fusion protein by lysates from TNE&-stimulated macro-
phages raised the possibility that the responsible kinase(s)
was either (i) an unidentified kinase(s) or (i) p#g/eitself
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acting through its ability to phosphorylate the molecule at with the data from the in vitro kinase assays, p#g¢kwas
sites other than the consensus ERK-phosphorylation motif,found to interact with the membrane proximal region
PXa2[S/T]P. Previous work has shown that pa2/¢?alone (residues 207300) of TNF-R1, and this was not affected
is capable of phosphorylating TNF-R1 both in vitro and intact by phosphorylation at positions T236, S240, S244, and S270.
cells (7). In addition, p42arkek2can catalyze phosphorylation  Previous studies have defined at least two sequence motifs
at nonconsensus sequences, though the degree of phosphdhat promote ERK docking to upstream activating kinases
rylation is reducedZ0, 21). To address the possibility that and downstream substrates. The D-domain is characterized
p42rarkiek2ywas responsible for these additional phosphory- by an LxL sequence located-3 residues downstream of a
lation events, we investigated the effect of (i) pharmacologic cluster of basic residues and has been shown to promote the
inhibition of MEK1/2 and (ii) purified activated pAgpkierk2 docking of ERK and JNK to acceptor proteirz7( 28. In
on the phosphorylation of the GST-TNF-B14254D/E contrast, the FxFP motif exhibits specificity for ERK docking
fusion in in vitro kinase assays. Both approaches supported(29). Other docking sites comprising basic and hydrophobic
the conclusion that p4grkek2 mediated the hierarchical residues are less well-defined but may also be important in
phosphorylation of the cytoplasmic domain of TNF-R1 at ERK docking to different proteins30). The membrane
nonconsensus ERK-phosphorylation sites. In addition, en-proximal region of TNF-R1 does not contain consensus ERK
forced expression of the phosphorylation mimic receptor, docking motifs, though the membrane proximal region is rich
TNF-R1;-4254D/E, in [F?P]-orthophosphate-labeled COS-7 in hydrophobic and basic residues. Thus, the interaction
cells in the presence or absence of MEK1.CA andperk2 between p42arketkand TNF-R1 is presumed to occur via
further confirmed that p4®rkek2was required to permitthe  nonconsensus ERK docking sites or through an indirect
phosphorylation of TNF-R1 at additional nonconsensus ERK- mechanism.
phosphorylation sites. The findings from the present study support the view that
Deletional mutagenesis of the cytoplasmic domain of TNF- the cytoplasmic domain of TNF-R1 undergoes sequential
R1 was used to obtain information about the position of the phosphorylation at multiple sites in a hierarchical fashion
residues that were phosphorylated by F#22 From earlier ~ that is initiated by phosphorylation at T236 and S270. Such
studies, we had concluded that the C-terminal region synergy and hierarchy in phosphorylation has been observed
containing the death domain (residues 2925) was not with other inducibly phosphorylated proteins. For example,
inducibly phosphorylatedl1Q), while dissection of the two  Chu et al. 81) have shown that the phosphorylation of heat
regions of the membrane proximal region, spanning residuesshock factor-1 (HSF-1) at position S307 by pag/e?
207—254 and 256-300, showed significant phosphorylation enables the secondary phosphorylation at position S303 by
of residues located between 250 and 3Q0).( Deletion glycogen synthase kinase 3 (GSK3). Moreover, mutation of
mutants of TNF-Riy7-4254D/E to encompass residues 207  S307G prevented the secondary phosphorylation of HSF-1
300 or 207254 indicated that the additional targets of by GSK3 @1). Although it is currently unclear how
phosphorylation by p4zPekdyere located between residues phosphorylation of TNF-R1 at T236 and S270 initiates
250-300, while the region between residues 2@b4 was subsequent phosphorylation at additional sites, other studies
not phosphorylated. Further in vitro kinase assays using have suggested that the initial phosphorylation event may

deletion mutants encompassing residues-265, 207275, induce conformational changes in the secondary or tertiary
and 207285 indicated that multiple sites within these structure to render additional sites available for phosphory-
regions were targets for phosphorylation by f#8e2 while lation. Conformational changes induced by phosphorylation

a deletion mutant comprising residues 2680 in which have been observed in the MARCKS proted2)(and the T
S270 was mutated to Glu showed no significant inducible cell receptoig-chain ITAMs @3), both of which undergo a
phosphorylation. These findings suggest that the sites ofseries of ordered phosphorylation events that are interde-
additional phosphorylation by p#Zke2are located between  pendent§3, 34. Similarly, upon activation by light, rhodop-
residues 254268. The amino acid sequence of 25D0 sin becomes phosphorylated by rhodopsin kinase on seven
contains three basic [S/T]P kinase motifs, each surroundedSer and Thr residues located in the C-terminal regs). (
by one or more additional Ser or Thr residues. Although Nuclear magnetic resonance (NMR) studies of a 19 amino
[S/T]P kinase motifs are supposedly neither optimal nor acid peptide of the C-terminal portion of rhodopsin phos-
preferred targets of pagrke2 phosphorylation Z1), we phorylated at one (residue 343), three (residues 343, 338,
nevertheless considered them to be candidate sites forand 334) and seven residues (residues 334, 335, 336, 338,
phosphorylation, and we addressed their possible role as340, 342, and 343) have shown that phosphorylation at a
phosphate acceptor sites by point mutational analysis.single site induces a major conformational change leading
Substitution of all three sites with either Ala or Glu/Asp to the unmasking of the remaining residu@8)( Further-
completely inhibited their ability to be phosphorylated and more, mutation of T340E and S343D results in enhanced
substantiated the concept that one or more of these sites ar@hosphorylation by rhodopsin kinase compared to the cor-
the target of phosphorylation by p#2kek? |n addition, these  responding Ala mutants. These combined conformational
studies provide conclusive evidence that there are nochanges are thought to be necessary and sufficient to promote
additional phosphate acceptor sites that are phosphorylateg-arrestin binding, an event that is believed to sterically
by p42maekerk (or by other kinases that are activated in hinder the interaction with heterotrimeric G-proteins leading
response to stimulation of macrophages with ToJF- to receptor desensitizatior3%). Phosphorylation of other

In view of the central requirement for pakerk in receptors has also been shown to mediate their desensitiza-
promoting hierarchical phosphorylation of TNF-R1, we also tion, including the human CXCR4 recept@g], the gluca-
investigated the regions of the cytoplasmic domain of TNF- gon-like peptide-1 receptoBY), and the thrombin receptor
R1 that were sufficient for p42riek2pinding. Consistent  (38). Thus, it is possible that the initial phosphorylation of
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TNF-R1 at T236 and S270 induces conformational changes 12.
in the membrane proximal region of TNF-R1 leading to the

unmasking of other targets of phosphorylation.

In conclusion, we have shown that the membrane proximal 13.

region of TNF-R1 is subject to phosphorylation by papg/erk2

at multiple sites, including nonconsensus ERK-phosphory-
lation sites containing three basic Pro-directed kinase motifs 14,

located between residues 254 and 268. Recent studies have

shown that the phosphorylation of the cytoplasmic domain
of TNF-R1 alters the signaling properties of the receptor by ;5

inhibiting its ability to stimulate apoptosis while preserving
its capacity to activate NkB (19). Thus, defining the kinases

responsible and the residues that are targeted for phospho-
rylation may allow us to better understand how TNF-R1
phosphorylation may contribute to the decisive events that

regulate differential responses to TNFHncluding cell death,
survival and differentiation.
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