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PEA-15 is a multifunctional protein that modulates
signaling pathways which control cell proliferation
and cell death. In particular, PEA-15 regulates the
actions of the ERK MAP kinase cascade by binding to
ERK and altering its subcellular localization. The
three-dimensional structure of PEA-15 has been
determined using NMR spectroscopy and its inter-
action with ERK defined by characterization of
mutants that modulate ERK function. PEA-1S5 is com-
posed of an N-terminal death effector domain (DED)
and a C-terminal tail of irregular structure. NMR
‘footprinting’ and mutagenesis identified elements of
both the DED and tail that are required for ERK
binding. Comparison of the DED-binding surface for
ERK2 with the death domain (DD)-binding surface of
Drosophila Tube revealed an unexpected similarity
between the interaction modes of the DD and DED
motifs in these proteins. Despite a lack of functional
or sequence similarity between PEA-15 and Tube,
these proteins utilize a common surface of the struc-
turally similar DD and DED to recognize functionally
diverse targets.
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Introduction

The death effector domain (DED) is one of several small
protein recognition modules that mediate the assembly of
complexes required for signal transduction in programmed
cell death. DEDs found in the adaptor protein FADD and
the proforms of the initiator caspases, caspase-8 (FLICE,
MACH) and caspase-10, play a pivotal role in the
initiation of death receptor-mediated apoptosis, whereas
DEDs in viral or cellular FLICE-inhibitory proteins
(FLIPs) have the ability to block apoptosis (Ashkenazi
and Dixit, 1998; Krammer, 2000). The DED, together
with the structurally related death domain (DD) and
caspase recruitment domain (CARD), are members of
the death motif superfamily characterized by a conser-
vedsix «o-helix bundle structure (Aravind et al., 1999;
Hofmann, 1999; Fesik, 2000). In addition to a common
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three-dimensional (3D) fold, these protein domains typic-
ally associate via homotypic interactions (DD-DD, DED—
DED or CARD-CARD) with complementary domains in
their binding partners. Surprisingly, no common protein
interaction surface has been discernible for these structur-
ally related motifs (Jeong et al., 1999; Qin et al., 1999;
Xiao et al., 1999; Fesik, 2000).

DED-containing proteins are involved in other cellular
signaling events besides the regulation of apoptosis. For
example, the phosphoprotein enriched in astrocytes
(PEA-15) activates the extracellular signal receptor-acti-
vated kinases (ERK1/2), members of the MAP kinase
family (Ramos et al., 2000; Formstecher et al., 2001).
PEA-15 is a small protein (15 kDa) that was first identified
as an abundant phosphoprotein in brain astrocytes (Araujo
et al., 1993) and subsequently was shown to be widely
expressed in human tissues and highly conserved among
mammals (Danziger et al., 1995; Estellés et al., 1996;
Ramos er al., 1998). Several studies have shown that
PEA-15 regulates multiple cellular functions including
Fas- and tumor necrosis factor-o. (TNF-o)-induced
apoptosis (Condorelli er al., 1999; Estellés et al., 1999;
Kitsberg et al., 1999) and phospholipase D expression
(Zhang et al., 2000), and promotes resistance to insulin in
type II diabetes (Condorelli et al., 1998).

PEA-15 has been recently demonstrated to regulate the
subcellular localization of ERK1/2 and to control the
biological outcomes of the ERK cascade (Formstecher
et al., 2001). PEA-15 activates the ERK pathway in a
Ras-dependent manner and binds specifically to ERK1/2
and not to the related MAP kinases p38 and JNK, or to
other kinases in the ERK cascade (Ramos et al., 2000;
Formstecher et al., 2001). The expression of PEA-15 in
cells blocks ERK-dependent transcription and prolifer-
ation by preventing the translocation of ERK1/2 into the
nucleus (Formstecher et al., 2001). Within the N-terminus
of PEA-15, there is a predicted nuclear export sequence
that could mediate the relocation of ERK to the cytoplasm,
reminiscent of the MEK-dependent nuclear export of ERK
(Fukuda et al., 1997; Adachi et al., 2000).

Death motifs usually are regarded as modules special-
ized for the recognition of complementary motifs in
proteins that regulate apoptosis. However, the observation
of an interaction between PEA-15 DED and ERKI1/2
(Ramos et al., 2000; Formstecher et al., 2001) suggested a
greater functional versatility for this structural motif. To
examine this unusual death motif function, the 3D
structure of PEA-15 was determined using NMR spec-
troscopy and its interaction with ERK?2 established from
an in vitro and in vivo analysis of PEA-15 mutant proteins.
The structure of PEA-15 is comprised of a canonical
N-terminal DED and an irregularly structured C-terminal
tail. NMR ‘footprinting’ and mutagenesis of PEA-15
identified distinct regions in both the DED and C-terminal
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Common binding surfaces of death motif proteins

Fig. 1. Three-dimensional structure of PEA-15. (A) Stereoview of the backbone atoms (N, C, and C’) of 20 NMR conformers of PEA-15 superim-
posed over residues 1-97. (B) Ribbon representation of the averaged minimized structure of PEA-15. The orientation of the structure is as shown
in (A). Residues 2-14, 17-27, 33-37, 42-51, 61-69 and 73-89 comprise helices a1, a2, a3, a4, a5 and 06, respectively. The helices are colored in
cyan, and the loops and C-terminal tail in gray. (C) Backbone representation of the death effector domains of PEA-15 (cyan) and FADD (yellow)
(Eberstadt et al., 1998; PDB accession code 1A1Z), superimposed over the C,, atoms of residues 1-83.

tail that are required for ERK2 binding. Remarkably, the
ERK-binding surface of the PEA-15 DED is topologically
similar to the Pelle-binding surface of Drosophila Tube
DD (Xiao et al., 1999). Thus, despite the absence of
functional or sequence similarity between PEA-15 and
Tube, these proteins appear to utilize a common epitope to
recognize structurally and functionally diverse targets.

Results

Three-dimensional structure of PEA-15
The structure of PEA-15 was determined from a total of
2937 NMR-derived restraints, including 2522 nuclear
Overhauser effects (NOEs), 308 dihedral angle restraints
and 107 3Jyye coupling constants (Figure 1). The 20
conformers exhibit good geometry, with no violations of
distance restraints >0.5 A and no dihedral angle violations
>5° (Table I). The structure of the region corresponding to
the DED is well defined by the NMR data. The atomic
r.m.s.ds about the mean coordinate positions of the
backbone atoms (N, C, and C’) and all heavy atoms for
residues 1-89 are 0.16 + 0.02 and 0.62 * 0.02 A,
respectively. The C-terminus of the protein does not
adopt a regular structure in solution. This is evidenced by
the absence of NOEs between non-sequential amino acids

and by C, and Cg chemical shifts close to their random
coil values. Residues 98-112 or 114-126 can be superim-
posed independently over the backbone atoms to <1.0 A
r.m.s.d.; however, no long-range NOEs were observed
between the C-terminus and the DED to define their
relative orientation.

The 3D structure of PEA-15 consists of an N-terminal
DED comprised of six antiparallel amphipathic a-helices
closely packed around a central hydrophobic core,
followed by a long C-terminal tail (Figures 1A and B).
The C-terminal tail is irregular in structure, with the
exception of residues 120-123, which appear to form a
single turn of a 3;¢-helix. The o-helices in the DED are
connected by short loops, two of which contain B-turns
(02—-0a3 and 04-a5). The a-helices are arranged in a
Greek key topology, with helices ol and o2 being
centrally located, a3 and 04 on one side and a5 and 06
on the other. This fold represents the core structure of the
death motif superfamily that also includes the DD and
CARD (Fesik, 2000).

The overall fold of the PEA-15 DED closely resembles
the structure of the FADD DED (Eberstadt et al., 1998),
the only other DED structure which has been determined
to date. The two structures are very similar, with an
r.m.s.d. of 1.8 A for C,, atoms of residues 1-83, and differ
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Table I. NMR structural statistics of PEA-15

R.m.s.ds from experimental distance restraints (A)

All (2522) 0.067 = 0.001
Intraresidue (461) 0.071 = 0.003
Sequential (Ii —jl = 1) (623) 0.062 = 0.003
Medium range (1<li — jI<5) (849) 0.072 = 0.002
Long range (li — jI>5) (503) 0.067 = 0.002
Hydrogen bonds (86) 0.008 = 0.005
R.m.s.ds from experimental torsion angle restraints
Dihedral (°) (308)* 0.23 = 0.06
3Jnme coupling constants (Hz) (107) 0.80 = 0.02

Deviations from idealized covalent geometry

Bonds (A) 0.0041 = 0.0001

Angles (°) 0.60 = 0.01

Impropers (°) ) 0.56 = 0.02
Coordinate precision (A)P

Backbone (residues 1-89) 0.16 = 0.02

All non-hydrogen atoms (residues 1-89) 0.62 = 0.02

Quality factors®
% residues in most favorable region of 84.2
Ramachandran plot (2380)
No. of bad contacts
Prosa I Z-score

1.6 £ 1.1
=79 = 0.2

aThe torsion angle restraints comprised 121 ¢, 95 y, 84 y; and 8 (,.
PThe precision of the coordinates is defined as the average atomic
r.m.s.d. between the 20 individual simulated annealing conformers and
the mean coordinates for residues 1-89.

‘PROCHECK_NMR (Laskowski ef al., 1996) and Prosa II (Sippl,
1993) were used to assess the overall quality of the structures. There
are no ¢/y angles in the disallowed region of the Ramachandran plot,
and the number of bad contacts (which provides a measure of the
quality of non-bonded contacts) lies inside the range observed for <2 A
crystal structures. The Z-scores for random compact structures are
distributed normally within a mean of 0 and a standard deviation of 1.
The Z-scores for protein structures of 100-150 residues determined by
X-ray crystallography are generally from -5 to —8 (Sanchez and Sali,
1997). Thus, a Z-score of —7.9 is strongly indicative of a correct fold
for the PEA-15 structure.

primarily in the length of helix a6 (Figure 1C). Helix o6 of
PEA-15 is seven residues longer than that of the FADD
DED, and numerous NOEs were observed between
residues in ol and 06 of PEA-15 to define their relative
orientation. The N-terminus of the FADD DED, on the
other hand, is oriented away from o6 and the core of
the protein as compared with PEA-15. PEA-15 also lacks
the two hydrophobic patches observed on the surface of
FADD DED. One of these patches in FADD consists
of several residues in helix o2 that have been implicated in
FADD’s apoptotic activity and interaction with the DEDs
of procaspase-8 (Eberstadt et al., 1998). In contrast, many
charged residues are present on the surface of the PEA-15
DED, suggesting that electrostatic interactions may
mediate molecular recognition of ERK1/2.

PEA-15 DED and tail are required for

ERK interaction

To explore the ERK-binding surface of PEA-15, com-
plexes of N-labeled PEA-15 and unphosphorylated
ERK?2 were prepared, and the effect of ERK2 interaction
on backbone N and Hy chemical shifts (the NMR
‘footprint’) was examined. At the protein concentrations
used in this study, unphosphorylated ERK2 is predicted to
be dimeric (Khokhlatchev er al., 1998), resulting in a
PEA-15-ERK2 complex of ~115 kDa. As expected, the
NMR spectrum of PEA-15 broadened away upon the
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addition of a stoichiometric amount of ERK?2, consistent
with the formation of a large, slowly tumbling complex in
solution. At substoichiometric levels of ERK2, however,
differential broadening of PEA-15 NMR resonances was
observed, providing clues to where ERK2 may form direct
contacts with PEA-15 (Figure 2A). Residues implicated
in ERK binding were located in helices a1, o2, o5 and o6
of the DED, as well as in the C-terminal tail (Figure 2B
and C).

The segments of PEA-15 in which selective broadening
was observed were functionally probed by site-directed
mutagenesis and analyzed for binding to GST-ERK2 in
an in vitro pull-down assay (Figure 3; Table II). Mutants
were constructed in which surface-exposed residues were
substantially altered in side chain length and/or charge,
while minimizing the likelihood of altering the protein
structure. Five out of 23 mutations introduced into the
DED displayed either a reduced or complete loss of
binding to ERK2 (Figure 3A; Table II). Three of these
mutations were located in the o.1-02 loop (Asnl14, Thrl6
and Glul8) and the remaining two mutations in the o.5—06
loop (Arg71 and Asp74). Together, these five residues
form a contiguous, predominantly negatively charged
surface on the PEA-15 DED which defines part of the
binding site for ERK2 (Figure 3D and E). In contrast,
extensive mutagenesis of other regions of the DED had no
effect on the interaction with ERK?2 (Figure 3D; Table II).

To assess the structural integrity of the five DED mutant
proteins that demonstrated reduced binding to ERK, the
2D 'H-N HSQC spectrum of each mutant was compared
with that of wild-type PEA-15 (Figure 4). The sensitivity
of the chemical shift to local environment permits the
assessment of local and global changes in the structure of
PEA-15 with amino acid resolution. Thus, the peak pattern
and linewidth are diagnostic of the similarity in protein
fold between the wild-type and mutant proteins. It is
evident that the N14R, T16R, E18R and R71A mutant
proteins are folded correctly, with only minor chemical
shift perturbations observed for a few residues spatially
proximal to the mutated site. The fifth mutant protein,
D74A, displayed several differences in the N and Hy
chemical shifts compared with wild-type PEA-15
(Figure 4E). However, complete backbone chemical shift
assignment of the D74A mutant revealed that neither
significant local nor global structural changes had
occurred. First, secondary chemical shift deviations for
Cq and Cg (Wishart et al., 1992) established that the wild-
type and D74A proteins possessed identical helical
segments, indicating that the secondary structure of
D74A was unchanged by the mutation. Secondly, the
absolute values of the C,, and Cg chemical shifts are nearly
identical between D74A and wild type, establishing that
the global fold of the mutant protein is intact. These data
strongly suggest that the D74A mutant was not signifi-
cantly altered in structure. More probably, the removal of
an exposed negative charge from a highly charged region
of the protein (Figure 3E) altered the local electronic
environment, resulting in the perturbation of several
backbone N and Hpy resonances. Since all of the DED
mutants were folded correctly, the loss of ERK binding
observed for these mutants was most probably the
consequence of a disruption in the interaction surface of
PEA-15 for the enzyme.
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Fig. 2. Identification of the ERK2-binding surface of PEA-15 by NMR ‘footprinting’. (A) Superposition of the 'H-’N HSQC spectra of PEA-15 in

the free (black) and ERK2-bound form (red) at an ERK2:PEA-15 ratio of 0.7

:1. Peaks are labeled for those backbone (NH) and/or side chain (Asn or

GIn NH,) resonances that were completely broadened or displayed significant changes in chemical shift in the presence of ERK2. Mapping of the
broadened resonances onto the (B) backbone structure and (C) molecular surface of PEA-15. Red shading corresponds to the residues labeled in (A).

Helices a1, 02, a5 and a6, as well as several C-terminal residues, appear to ¢

Regions outside the DED of PEA-15 have previously
been implicated in ERK?2 binding, as overexpression of the
PEA-15 DED alone did not activate ERK (Ramos et al.,
2000; Formstecher et al., 2001). NMR ‘footprinting’ also
suggested the involvement of the C-terminal tail in binding
to ERK2 (Figure 2). Furthermore, neither the DED nor
C-terminal tail of PEA-15 bound ERK well in isolation
(Figure 3B), and deletion of only 11 amino acids from
the tail was sufficient to disrupt interaction with ERK
(Figure 3C). Site-directed mutagenesis within the tail
revealed that [le121, Lys122, Leul23 (all in the 3;4-helix)
in addition to Lys128 and Lys129 were important for ERK
interaction (Figure 3A; Table II). The irregular structure of
the tail and its lack of interaction with the DED suggests
that none of the tail mutants would have affected the
integrity of the protein. Although two hydrophobic
residues were changed to arginine, which could have
disrupted the putative 3;9-helix (I121R and L123R),
mutation of these residues to alanine displayed an identical
phenotype to that of the arginine mutants (Table II). Thus,
the functional defect observed for these mutants was not
likely to be a consequence of the introduction of a
conformational change in the tail. These results demon-
strate that electrostatic interactions involving residues in
the DED as well as hydrophobic and charged residues in
the tail are critical for PEA-15 binding to ERK2.

Functional characterization of PEA-15 mutants

To correlate the in vitro ERK binding deficiency of the
PEA-15 mutants with their functional activity in vivo, the
ability of wild-type or mutant PEA-15 to inhibit ERK

ontribute to the ERK2-binding surface of PEA-15.

nuclear signaling was assessed (Figure 5A). Wild-type
PEA-15 markedly attenuated the ERK-stimulated tran-
scriptional activation of Elk-1 (Formstecher er al., 2001),
whereas mutants of PEA-15 that lacked the capacity
to bind ERK2 in vitro (Figure 3A) also displayed re-
duced inhibition of Elk-1-dependent transcription in vivo
(Figure 5A). Mutations in the DED, such as E18R, were
clearly less effective at reversing the inhibition of
transcription compared with mutations in the C-terminal
tail (e.g. I121R, LI123R and KI129E). These results
correlate well with the residual ERK-binding activity of
the DED and tail mutants observed in the pull-down assay
(Figure 3A). Thus, the capacity of PEA-15 to bind ERK
correlates with its ability to block the phosphorylation and
transcriptional activity of ERK nuclear substrates.

The effects of PEA-15 on transcription were associated
with an alteration in the nuclear translocation of ERK
(Figure 5B). Mutations that completely abrogated ERK
binding (e.g. I121R) failed to block ERK nuclear trans-
location. A similar outcome was shown previously for the
D74A mutant in the DED (Formstecher et al., 2001). In
contrast, mutants that retained some ability to bind ERK2
in vitro, such as E18R and K122E, also substantially
retained ERK in the cytoplasm. Thus, the ERK-binding
activity of PEA-15 is required for its biological effects on
ERK localization.

A common binding surface in the death motif
mediates diverse protein-protein interactions
A comparison of the ERK-binding surface of PEA-15 with
that observed for Tube DD in the crystal structure of the
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Fig. 3. ERK2 recognition by PEA-15. (A) Effects of point mutations of PEA-15 on interaction with ERK2, determined by the binding activity of
[**S]methionine-labeled wild-type (WT) or mutant PEA-15 to GST-ERK2 in a pull-down assay. The input lane represents 10% of the total protein
added to the binding experiment. Mutants N14R, T16R, E18R, R71A and D74A in the DED, and I121R, K122E, L123R, K128E and K129E in the
C-terminal tail had <50% ERK binding relative to wild-type PEA-15. (B) [**S]methionine-labeled ERK2 binding to GST-PEA-15, GST-PEA-15
DED (1-90) or GST-PEA-15 tail (91-130) in a pull-down assay. (C) Effects of C-terminal truncation of PEA-15 on the interaction with ERK2. The
experiment was performed as described in (A). (D) Molecular surface representations of PEA-15 illustrating the amino acid residues that are important
for ERK2 binding in red, while residues functionally insensitive to mutation are shown in green (compared with Table II). (E) Electrostatic potential
surface representation of PEA-15. The color scale for the charge distribution extends from —8 kT/e~ (red) to +8 kT/e~ (blue), calculated using GRASP
(Nicholls et al., 1991). The residues important for ERK2 binding deduced from (A) are labeled.

Tube—Pelle DD complex (Xiao et al., 1999) revealed an
unexpected similarity in the binding motifs of Tube and
PEA-15 (Figure 6). The interaction between Tube and the
serine/threonine kinase Pelle through their N-terminal
DDs is required for the activation of dorsal-ventral
patterning genes during Drosophila embryogenesis
(Belvin and Anderson, 1996). The molecular determinants
by which Tube recognizes Pelle include a compact surface
within the Tube DD as well as a distinct set of interactions
formed by its irregularly structured C-terminal tail (Xiao
etal., 1999). These elements of Tube contact adjacent sites
on the Pelle DD, forming an almost continuous interaction
surface. The similarity to the PEA-15-ERK?2 interaction
resides in the interaction surface of Tube DD, formed by
the at1—-02 and a5—06 loops and o6 (Figure 6). Mutations
introduced into the these regions of PEA-15 were func-
tionally deficient for ERK2 binding, thereby restoring
ERK2 nuclear translocation and consequent stimulation of
transcription. Mutants within the corresponding loops and
helix of Tube DD rendered the protein inactive (Xiao et al.,
1999), indicative of an important role for these regions in
the interaction between the Tube and Pelle DDs. Since the
targets of Tube and PEA-15 are structurally and function-
ally unrelated, the similarity between the DD and DED
surfaces implicated in protein—protein interaction is sug-
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gestive of a conserved binding epitope inherent to the
common fold of the DD and DED of these proteins. While
the irregularly structured C-terminal tails of Tube and
PEA-15 both appear to play critical roles in the recognition
of their binding partners, a correspondence between
their respective roles cannot be drawn in the absence of
the 3D structure of the PEA-15-ERK?2 complex.

Discussion

The death motif superfamily, composed of the DD, DED
and CARD families, has emerged as the primary mediator
of protein—protein interactions required for the transmis-
sion and regulation of apoptotic signals (Aravind et al.,
1999; Hofmann, 1999). Despite low sequence identity
between the death motif subfamilies, they have been
shown to share a common 3D fold containing six
antiparallel o-helices (Fesik, 2000). In addition to a
common fold, each of these subfamilies typically interacts
with other proteins through homotypic interactions in
which DD-DD, DED-DED and CARD-CARD contacts
are formed. The elucidation of the molecular basis and
specificity of death motif interactions is central to
understanding the apoptotic process. Two recent X-ray
crystal structures of heterodimer complexes formed by the



Table II. Mutational analysis of PEA-15

Mutation? ERK?2 binding® Location®

T6R ++ ol

QIR ++ ol

N13R ++ ol

N14R + ol

T16R + Loop(a1-02)
E18R + o2

Q22A ++ o2

S25E ++ o2

E29A ++ Loop(02—-0.3)
E34R ++ 03

T40R ++ Loop(a3—-04)
E50R ++ [oZ3

D56A ++ Loop(04—a5)
S61R ++ oS

E64A ++ oS

H65A ++ oS

R71A + Loop(a5—0.6)
R72A ++ Loop(05—016)
D74A - 06

T77A ++ 06

M78R ++ 06

DS1A ++ 06

R85A ++ ab

QI14R ++ C-terminal tail
E118R ++ C-terminal tail
EI119R ++ C-terminal tail
1120R ++ C-terminal tail
I121R - C-terminal tail
T1121A - C-terminal tail
KI122E + C-terminal tail
L123R - C-terminal tail
L123A - C-terminal tail
Al124R ++ C-terminal tail
KI128E - C-terminal tail
K128A - C-terminal tail
KI129E - C-terminal tail
KI129A - C-terminal tail

aMutants were designed to introduce a significant change in the
chemical properties of a surface-exposed residue without disruption of
protein structure.

bBinding in a GST-ERK2 pull-down assay is defined as follows: ++,
equivalent to wild-type; +, <50% wild-type; —, loss of binding.

“The location of the mutation in the structure is indicated.

CARD:s of Apaf-1 and procaspase-9 (Qin et al., 1999) and
the DDs of Drosophila proteins Tube and Pelle (Xiao et al.,
1999) have provided valuable insights into the association
mechanisms of death motifs. However, the residues that
form the interface are dramatically different between these
two heterodimer structures, and also differ from the sur-
faces suggested by mutagenesis to mediate other death
motif interactions (Tartaglia et al., 1993; Huang et al.,
1996; Eberstadt et al., 1998; Jeong et al., 1999; Telliez
et al., 2000; McDonald et al., 2001). The apparent absence
of a conserved interaction surface within this common
protein fold has led to the suggestion that death motifs may
associate with one another by a variety of mechanisms
(Xiao et al., 1999; Fesik, 2000).

To date, the interaction between a death motif super-
family member and a heterotypic binding partner has not
been described. PEA-15 is unusual given that it has been
suggested to interact with other death motif proteins
(FADD and procaspase-8) via homotypic interactions
(Condorelli et al., 1999; Kitsberg et al., 1999) and to
interact with structurally unrelated proteins such as ERK

Common binding surfaces of death motif proteins

MAP kinases through a previously unknown mechanism
(Ramos et al., 2000; Formstecher et al., 2001). Elucidation
of the 3D structure of PEA-15 in conjunction with
functional mutagenesis has revealed the molecular deter-
minants by which PEA-15 recognizes ERK. Previous
studies had established the importance of helix o6 of the
DED for PEA-15 function (Ramos er al., 1998, 2000;
Formstecher er al., 2001), and in this study the ERK-
binding epitope was defined further to include the ol1-02
and a5—06 loops (Figure 3). A number of mutations to
surface-exposed residues in other regions of the PEA-15
DED did not disrupt the binding to ERK2 (Table II),
indicating that the interaction interface within the DED is
confined to this face of the motif. Essential determinants
for ERK interaction also reside in the C-terminal tail of
PEA-15, although the structural relationship between the
DED- and tail-binding determinants has not been deter-
mined from the structure of PEA-15 alone in solution. The
effects of the PEA-15 mutations on ERK binding in vitro
correlated well with in vivo functional analysis. Although
mutants in the DED and C-terminal tail displayed
differential effects on PEA-15 function, these regions of
PEA-15 are not functionally independent, suggesting that
they may contact adjacent binding surfaces on ERK.

Recently, several regions of MAP kinases have been
implicated in mediating interactions with their substrates,
activators and regulators. For example, a docking groove
has been identified in the C-terminal domain that appears
to function as a general binding site (Tanoue et al., 2000,
2001; Chang et al., 2002), and may be recognized by many
proteins that contain a conserved docking site sequence
comprised of basic and hydrophobic motifs (Sharrocks
et al., 2000). This docking groove contains an acidic patch
termed the CD domain (Tanoue et al., 2000) and adjacent
hydrophobic patches (Chang et al., 2002) to accommodate
the basic and hydrophobic motifs of the docking site
peptides. PEA-15, however, does not contain a recogniz-
able docking site sequence and was found instead to bind
the oG helix and MAP kinase insert region of ERK
(J.M.Hill, F.-L.Chou, J.-C.Hsieh, J.W.Ramos, M.H.Ginsberg
and M.H.Werner, unpublished data). An essential role for
this region has also been demonstrated recently for the
interaction of ERK2 with the MAP/ERK kinases MEK1
and MEK?2 (Robinson et al., 2002).

Unexpectedly, the location of the ERK-binding epitope
on the PEA-15 DED is similar to that observed for
Drosophila Tube DD in the crystal structure of the Tube
and Pelle DD heterodimer (Xiao et al., 1999). Both the
PEA-15 DED and Tube DD utilize residues in the ot1—0.2
loop, 0.5—06 loop and helix o6 for interaction with their
binding partners (Figure 6). Particularly intriguing is the
similarity between the homotypic DD interaction of
Tube-Pelle and the heterotypic interaction implied by
functional mutagenesis of PEA-15. This observation
seems inconsistent with the hypothesis of diverse associ-
ation mechanisms for the DD and DED motifs (Xiao et al.,
1999; Fesik, 2000), and suggests that the binding epitopes
may be structurally conserved. Certainly, the similarity
between Tube and PEA-15 is not complete given that
contacts made by the C-terminal tail and DD of Tube form
a nearly continuous binding surface on Pelle DD, while the
precise role of the PEA-15 tail and its relative orientation
with respect to PEA-15 DED are not yet known.
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Fig. 4. Analysis of the structural integrity of the PEA-15 DED mutant proteins. (A-E) Superpositions of the 'H-'N HSQC spectra of wild-type
(black) and mutant (red) PEA-15 proteins N14R, T16R, E18R, R71A and D74A.

The functional importance of the ol-02 and o5—06
loops in the DED has been extended recently to include
two proteins associated with cell death signaling—the
viral FLICE inhibitory protein MC159 (Garvey et al.,
2002) and the death adaptor protein FADD (Thomas et al.,
2002). The 0.5—a6 loop contains a conserved RxDL¢ motif
(x = any amino acid, ¢ = any hydrophobic residue) that is
found in many DED-containing proteins (Figure 7). For
example, the DEDs of cellular FLIP, most of the viral
FLIPs, the FADD DED, one of two DEDs in procaspase-8
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and the nuclear targeted proteins DEDD (Stegh et al.,
1998) and DEDD2/FLAME-3 (Roth et al., 2002; Zhan
et al., 2002) all contain the motif. Garvey et al. (2002)
demonstrated that the ol-02 and o5-06 loops of both
DEDs in MC159 are important for its ability to inhibit
apoptosis via interaction with FADD and procaspase-8.
Reverse two-hybrid analysis also suggested a functional
role for the a5—a6 loop of FADD DED during assembly of
the CD95 (Fas, APO-1) death-inducing signaling complex
(Thomas et al., 2002). These results indicate that the
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Fig. 5. In vivo analysis of PEA-15 mutants. (A) Elk-1-dependent tran-
scriptional activity was measured in serum-stimulated CHO-K1 cell
lysates transfected with expression plasmids encoding either wild-type
PEA-15, mutant PEA-15 or control vector. The data are from an experi-
ment done in triplicate and expressed as percentage inhibition of trans-
cription relative to a vector-only control. (B) NIH 3T3 cells expressing
either wild-type or mutant GFP-PEA-15 were serum starved for
16-20 h and then stimulated with 20% serum for 3 h and stained for
ERK. The proteins were imaged by immunofluorescence in confocal
microscopy. PEA-15 mutants such as I121R that are unable to bind
ERK?2 in vitro do not prevent ERK translocation to the nucleus upon
serum stimulation (arrows), contrary to wild-type GFP-PEA-15
(arrows). The scale bar represents 20 pum.

similarities between Tube DD and PEA-15 DED may
extend to a number of proteins which harbor these
motifs, irrespective of their physiological diversity.

Common binding surfaces of death motif proteins

A e _
: AC ]
-] f usr.r , "

J it "( B ;A}*‘R b
M s Ay
Pt (""I _ _'.'I__.r--
u2d¥ ﬁ-&‘ a2 ; ) ( I

PEA-15 Tube Pelle

4 ol —F &
PER-15 1 MAEYGTLLODLTNHEI--[LEPLEQLESACKED IPSERSEEITT---=---=
Tube 34 RRVEDHDIYRLARILDEH-SCWRELHSIIPEG* YTAQDVFOIDEARNRLEP

Pelle 35 RLLPLPVRAQLCAFNLDAL-DVWQOLATARHE-- LYPDOVEQISSQKQRG--

I ad } | b } 1 b
FER-15 42 ----GSAWFSFLESHWNEL-DEDNLSYIEHIFEISERADLLTMVVDYRTRVLEL
Tube 106 DOSKESOMMIDEWETSGELNERFTVGVLLOLLVOAELEFSANOFVALDFLNESTR

Pelle 80 =-RSASHEFLNIRGEDYH----HTVOTLFALFEKLELHNANRLIEDYVEEDLHE

Fig. 6. Comparison of the PEA-15 DED, Tube DD and Pelle DD bind-
ing epitopes. (A) Backbone representations of the death motifs of
PEA-15, Tube and Pelle (Xiao et al., 1999; PDB accession code 1D2Z)
with residues important for binding their target proteins highlighted in
red for PEA-15 and Tube and in blue for Pelle. Tube contains an inser-
tion of two short a-helices between helices o2 and o3 (shown in gray)
that is not part of the core structure of the DD. (B) Structure-based
sequence alignment of mouse PEA-15, Drosophila melanogaster Tube
DD and D.melanogaster Pelle DD created from pairwise superpositions
calculated in DALI (Holm and Sander, 1993). The positions of helices
are indicated by cylinders for PEA-15, and the helices for Tube and
Pelle are underlined. Conserved residues which form part of the hydro-
phobic core in each protein are shaded yellow. The asterisk in the Tube
sequence indicates a two-helix insertion (Xiao et al., 1999) that has
been omitted for clarity. Sites corresponding to mutations that are dele-
terious to function are highlighted with red boxes for PEA-15 (this
study). Interfacial residues observed in the Tube—Pelle DD complex
structure are indicated by red boxes for Tube DD and blue boxes for
Pelle DD (Xiao et al., 1999).

Thus, a common binding surface in the DED and DD
may govern protein—protein interactions with their binding
partners.

Materials and methods

Protein expression and purification

Full-length PEA-15 was cloned into a pQE-9 vector (Qiagen), which
produces the recombinant protein with a hexahistidine (Hisg) sequence
at the N-terminus. Uniformly N- and '"N/!3C-labeled proteins were
overexpressed in Escherichia coli BL21 cells by adaptive control
fermentation (Werner et al., 2001) in minimal medium containing
I5NH,4CI and/or ['3C]glucose as the sole nitrogen and carbon sources,
respectively. Cells were grown at 37°C to an optical density (Agpp nm) Of
~3.0 and then induced with 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) for 4 h. The cells were suspended in 50 mM Tris buffer pH 8.0,
1 M NaCl, 30 mM imidazole and 10 mM benzamidine hydrochloride,
lysed with a French press, and centrifuged. The protein was isolated by
Ni2+ affinity chromatography and subsequently purified to homogeneity
by anion-exchange chromatography (MonoQ HR 16/10, Amersham
Pharmacia Biotech). NMR samples contained 1 mM protein in 10 mM
sodium phosphate buffer pH 7.0, 1 mM dithiothreitol (DTT) and
50 uM NaNj.

Selected point mutations (N14R, T16R, E18R, R71A and D74A) were
introduced into PEA-15 contained in pQE-9 using the QuikChange site-
directed mutagenesis kit (Stratagene). The resulting mutations were
confirmed by DNA sequencing. "N-labeled PEA-15 mutant proteins
were produced on a small scale (400 ml) in shake flasks and purified using
Ni?* affinity chromatography. 2D 'H-'N HSQC spectra of the mutant
proteins were obtained using the sample conditions described for the
wild-type protein, except that the protein concentration was ~0.3 mM.
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Fig. 7. Sequence alignment of death effector domains. Listed are the
DEDs of mouse PEA-15 (Q62048), human FADD (Q13158), human
caspase-8/FLICE (Q14790), human cellular FLIP (c-FLIP) (O15519),
molluscum contagiosum virus (MCV) MC159 protein (Q98325), equine
herpesvirus 2 (EHV-2) E8 protein (Q66674), human DEDD
(NP_127491) and human DEDD2/FLAME3 (NP_579874). Swiss-Prot
accession numbers are indicated in parentheses. The positions of heli-
ces are indicated by cylinders for PEA-15, and the helices for FADD
(Eberstadt et al., 1998) are underlined. Highly conserved hydrophobic
residues are shaded yellow and the conserved RxDL¢ motif (x = any
amino acid, ¢ = any hydrophobic residue) at the beginning of helix a6
is indicated by a box.

Differential exchange broadening of PEA-15-ERK2 complexes was
carried out with unphosphorylated ERK2 that was expressed and purified
as described (Zhang et al., 1993). Both PEA-15 and ERK?2 were dialyzed
into 10 mM sodium phosphate buffer pH 7.0, 150 mM NaCl, | mM DTT
and 50 UM NaNj prior to complex formation. Samples of 0.2 mM N-
labeled PEA-15 and substoichiometic amounts of ERK2 (0.3, 0.5 and
0.7 molar equivalents) were prepared and resonances monitored by
'H-I5N correlation spectroscopy.

NMR spectroscopy

All NMR experiments were acquired at 25°C on either a Bruker DMX500
or DMX600 spectrometer equipped with a z-shielded gradient
triple resonance probe. The backbone and side chain 'H, 3C and
5N resonances of the protein were assigned using CBCA(CO)NH,
HNCACB, HBHA(CO)NH, C(CO)NH, H(CCO)NH and 3D HCCH-
TOCSY experiments (Clore and Gronenborn, 1998). 3Jxme, 3Tnmps Jeyw
and 3Jc,co coupling constants were measured by quantitative J
correlation spectroscopy (Vuister et al., 1999). NOEs involving protons
of the protein were obtained from 3D 'SN-separated, 3D '3C-separated
and 4D 3C/13C-separated NOE spectra (mixing times of 110, 120 and
90 ms, respectively). NMR spectra were processed with NMRPipe/
NMRDraw (Delaglio et al., 1995) and analyzed using PIPP and STAPP
(Garrett et al., 1991).

Structure calculations

NOEs within the protein were grouped into four distance ranges,
1.8-2.7, 1.8-3.3, 1.8-5.0 and 1.8-6.0 A, corresponding to strong,
medium, weak and very weak intensities. Distances involving methyl
protons, aromatic ring protons and non-stereospecifically assigned
methylene protons were represented as a (£r~0)~/6 sum (Nilges, 1993).
A total of 121 ¢, 84 7¢; and eight ¥, angle restraints were derived from an
analysis of 3Jxnes Inups Jeyn and 3Jcyco coupling constants (Vuister
etal., 1999), and 95 y angle restraints were determined by chemical shift
database analysis using the program TALOS (Cornilescu et al., 1999).
The minimum range employed for ¢, , ; and 7, torsion angle restraints
was 30°, Protein backbone hydrogen bonding restraints (rnpo =
1.5-2.8 A, rv_o = 2.4-3.5 A) within areas of o-helical structure derived
from an analysis of '3C, chemical shifts and characteristic Ho-NH;, , 3
and Hoi-HB; , 3 NOE patterns were introduced during the final stages of
refinement. A single turn of 34-helix was concluded to exist for residues
120-123 based on consecutive Ho-NH; ., and Ho-Hf;, ;3 NOEs
(Wiithrich, 1986), but no hydrogen bonding restraints were included.
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The structures were calculated with the program X-PLOR 3.843
(Briinger, 1992) adapted to incorporate pseudo-potentials for 3Jng
coupling constants (Garrett er al., 1994), secondary *C, and '3Cg
chemical shifts (Kuszewski et al., 1995) and a conformational database
potential (Kuszewski and Clore, 2000). There were no hydrogen-bonding,
electrostatic or 612 Lennard—Jones empirical potential energy terms in
the target function. The final ensemble of 20 NMR conformers was
selected on the basis of lowest energy and least number of restraint
violations; these structures had no distance restraint violations >0.5 A and
no dihedral angle violations >5°. Structure quality was assessed with
PROCHECK_NMR (Laskowski et al., 1996) and Prosall (Sippl, 1993).
Structures were displayed and analyzed using GRASP (Nicholls et al.,
1991) and Ribbons (Carsons, 1987).

Mutagenesis and GST pull-down assays

Full-length PEA-15 (residues 1-130) and several C-terminal truncation
mutants of PEA-15 encoding residues 1-119, 1-110, 1-92 and 1-83 were
amplified by PCR and subcloned into a pET-21a vector (Novagen).
Specific amino acid changes were introduced into full-length PEA-15
contained in pET-21a using the QuikChange site-directed mutagenesis
kit (Stratagene). The resulting mutations were confirmed by DNA
sequencing. A complete list of the mutants constructed is given in
Table II. Wild-type and mutant proteins were expressed in vitro using the
TNT T7 Coupled Reticulocyte Lysate System (Promega) in the presence
of [3*S]methionine. Rat wild-type ERK2 was overproduced as a GST
fusion protein in E.coli BL21 cells using a pPGEX-4T-1 vector (Amersham
Pharmacia Biotech) and batch purified using glutathione—agarose beads
(Sigma). 33S-labeled wild-type and mutant PEA-15 proteins were
incubated with GST-ERK?2 in 150 pl of 50 mM HEPES pH 7.4, 50 mM
NaCl, 5 mM EDTA, 1% NP-40 and 10% glycerol. Samples were
incubated for 2 h at 4°C and then washed three times with 0.5 ml of the
same buffer. The bound proteins were separated on 16% Tris-Tricine gels
and visualized by phosphoimaging.

Full-length PEA-15, DED (residues 1-90) and C-terminus (residues
91-130) were overproduced as GST fusion proteins in E.coli BL21 cells
using a pGEX-4T-1 vector (Amersham Pharmacia Biotech) and batch
purified using glutathione—agarose beads (Sigma). ERK2 contained in a
NpT7-5 vector (Zhang et al., 1993) was expressed in vitro using the
TNT T7 Coupled Reticulocyte Lysate System in the presence of
[**SImethionine. The pull-down assays were performed as described
above.

Transcription assays

Transcription assays were done using the Pathdetect trans-reporting
kit according to the manufacturer’s instructions (Stratagene). Briefly,
CHO-KI1 cells were co-transfected with GAL4-Elk-1 (50 ng), GALA4-
luciferase (500 ng) and PEA-15, wild-type or mutant constructs in
pcDNA3 vector (200 ng) or vector alone (200 ng). GAL4-EIk-1 contains
the DNA-binding domain of GAL4 fused to the trans-activation domain
of Elk-1. GAL4-luciferase has the luciferase reporter gene under the
control of a synthetic promoter containing five tandem repeats of the yeast
GAL4-binding sites. Cells were allowed to grow until 90% confluent and
then transfected with Lipofectamine 2000 (Invitrogen Life Technologies)
according to the manufacturer’s protocol. Cells were serum starved for
16-20 h in Dulbecco’s modified Eagle’s medium (DMEM) containing
0.5% fetal bovine serum (FBS) and then stimulated with 20% serum for
30 min. Elk-1 transcription was measured by expression of active
luciferase, for 10 pg of total protein from cell lysates, using the Promega
Luciferase Assay System according to the manufacturer’s instructions.

Immunofluorescence microscopy

NIH 3T3 cells, grown on coverslips, were transfected with 1 ug of
an expression plasmid encoding wild-type or mutant PEA-15 fused to
GFP, or with vector alone using Lipofectamine Plus (Invitrogen Life
Technologies) according to the manufacturer’s protocol. The transfected
cells were serum starved for 16-20 h before stimulation with 20% serum
for 3 h. The cells were washed with phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde for 10 min. They were then permeabilized
with 0.2% Triton X-100 in PBS for 10 min. Cells were incubated with
anti-ERK1/2 antibodies (Santa Cruz Biotechnologies) overnight in PBS
containing 3% bovine serum albumin (BSA) and 0.2% Triton X-100.
ERK staining was detected using Texas red secondary antibody
(Molecular Probes). Coverslips were mounted using Fluoromount-G
(Southern Biotechnology Associates) and viewed under a Zeiss Axiovert
microscope to detect GFP or ERK localization.



Coordinates
The coordinates of the 20 PEA-15 NMR structures have been deposited in
the RCSB protein data bank with accession number 1N3K.
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