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PED/PEA-15 is a small, non-catalytic, DED containing protein that is widely expressed in different tissues and
highly conserved among mammals. PED/PEA-15 has been found to interact with several protein targets in
various pathways, including FADD and procaspase-8 (apoptosis), ERK1/2 (cell cycle entry), and PLD1/2 (di-
abetes). In this research, we have studied the PED/PEA-15 in a complex with ERK2, a MAP kinase, using
NMR spectroscopic techniques. MAP Kinase signaling pathways are involved in the regulation of many cellu-
lar functions, including cell proliferation, differentiation, apoptosis and survival. ERK1/2 are activated by a va-
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N&R dynamics riety of external stimuli, including growth factors, hormones and neurotransmitters. Inactivated ERK2 is
PED/PEA-15 primarily found in the cytosol. Once the ERK/MAPK cascade is initiated, ERK2 is phosphorylated and stimu-

ERK2 lated, allowing it to redistribute in the cell nucleus and act as a transcription factor. Previous studies have
MAP kinase shown that PED/PEA-15 complexes with ERK2 in the cytoplasm and prevents redistribution into the nucleus.
Death effector domain Although the NMR structure and dynamics of PED/PEA-15 in the free form have been documented recently,
no detailed structural and dynamic information for the ERK2-bound form is available. Here we report NMR
chemical shift perturbation and backbone dynamic studies at the fast ps-ns timescale of PED/PEA-15, in its
free form and in the complex with ERK2. These analyses characterize motions and conformational changes
involved in ERK2 recognition and binding that orchestrate the reorganization of the DED and immobilization

of the C-terminal tail. A new induced fit binding model for PED/PEA-15 is proposed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

PED/PEA-15 (phosphoprotein enriched in diabetes/phosphoprotein
enriched in astrocytes, 15 kDa) is a small 130-residue cytosolic protein
that is ubiquitously expressed in different human tissues and highly
conserved among mammals [1,2]. It consists of an N-terminal
death-effector domain (DED) and a C-terminal tail with irregular struc-
ture [3]. The DEDs, together with the structurally related death domain
(DD), caspase recruitment domain (CARD) and pyrin domain (PYD), are
members of the death motif super family characterized by a conserved
six a-helix bundle structure [4]. PED/PEA-15 interacts with a diverse
array of proteins with and without DEDs [3], and its binding specificity
is mediated by the phosphorylation on two serine residues on the

Abbreviations: PED/PEA-15, phosphoprotein enriched in diabetes/phosphoprotein
enriched in astrocytes, 15 kDa; ERK, extracellular regulated kinase; DED, death effector
domain; CSP, chemical shift perturbation; TROSY, transverse relaxation optimized
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C-terminal tail [5,6], S104, the substrate for protein kinase C (PKC),
and S116, phosphorylated by calcium/calmodulin-dependent protein
kinase II (CamKII) or protein kinase B/Akt [2,7,8]. The N-terminal DED
of PED/PEA-15 can interact with other DED-containing proteins, includ-
ing Fas-associated protein with death domain (FADD), FADD-like IL-1(3-
converting enzyme (FLICE), and procaspase-8 [9], and it can be
recruited to the death-inducing signaling complex (DISC) [10], playing
an antagonistic role in death signaling mediated by members of the
tumor necrosis factor (TNF) receptor super family [11].

PED/PEA-15 can also restrain cellular proliferation by regulating
the mitogen-activated protein (MAP) kinase signaling pathway
through binding to extracellular regulated kinase 1 and 2 (ERK1/2),
preventing translocation of ERK1/2 into the nucleus, and blocking
ERK-dependent cell proliferation and migration [12,13]. In addition,
PED/PEA-15 is overexpressed in adipose and skeletal muscle tissues
and in skin fibroblasts from type 2 diabetic individuals independent
of obesity, causing resistance to insulin action in glucose uptake
[14]. PED/PEA-15 interacts with phospholipase D (PLD) isoforms 1
and 2, elevating intracellular levels of diacylglycerol (DAG), thereby
activating diacylglycerol-sensitive PKCa isoform [15]. Activation of
PKCa in PED/PEA-15 overexpressing cells and tissues prevents
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insulin induction of the PKCg isoform, which is the major activator of
glucose transporter 4 (GLUT4) [16,17].

MAPK pathways are involved in the regulation of many diverse cel-
lular functions, including cell proliferation, differentiation, apoptosis
and survival [18]. The MAPK pathway is highly regulated by protein-
protein interactions, which makes it an intriguing therapeutic target.
Dysregulation of MAPK pathways is indicated in a variety of diseases,
including diabetes and cancer. Extracellular regulated kinase 1 and 2
(ERK1/2) are two kinases controlled by the mitogen-activated protein
kinase (MAPK) signaling cascade, and are activated by a range of ago-
nists including growth factors, hormones, and neurotransmitters.
When activated, ERK1/2 can translocate into the nucleus and serve
as transcription factors, regulating a wide variety of cell functions, in-
cluding cell differentiation, apoptosis, proliferation, and maintenance
of homeostasis [18,19]. ERK 1 (43 kDa) and ERK 2 (41 kDa) are ap-
proximately 83% identical and both are activated by dual phosphory-
lation on Thr and Tyr residues [18,20]. The ERK activation cascade is
initiated by extracellular agonists that activate the GTPase, Ras. Ras
then activates the phosphorylation cascade, beginning with Raf,
which exists in three isomeric forms: A-Raf, B-Raf, and C-Raf. The
activated Raf phosphorylates MEK (mitogen extracellular-regulated
kinase) at serine and threonine residues, which subsequently phos-
phorylates ERK1/2. The activation of ERK1/2 stimulates the ERK mole-
cules to translocate into the nucleus and regulate a variety of cellular
functions.

PED/PEA-15 plays a crucial regulatory role in the ERK/MAP kinase
pathway, and is directly involved in oncogenesis. Recent literature
suggests that, due to its anti-apoptotic feature, PED/PEA-15 over-
expression is associated with the development of human tumors
[10,21-24], can support tumor cell survival, and may mediate resis-
tance to chemotherapy [24]. In addition, PED/PEA-15 protects tumor
cells from glucose deprivation-induced apoptosis by regulating ERK
activity in glioblastoma that is required for up-regulation of glucose
transporter 3 [4]. Other evidence suggests that, particularly in tumors
driven by oncogenic Ras, PED/PEA-15 induced cytosolic localization of
ERK1/2 prevents oncogenic transformation and leads to cellular
senescence [25], suppressing tumor cell proliferation and migration
in breast cancer and ovarian cancer through induced autophagy
[26-29]. While the anti-apoptotic and oncogenic function of PED/
PEA-15 is well documented, PED/PEA-15 may contribute to the inhi-
bition of tumor cell invasion, and is associated with prolonged overall
survival among cancer patients.

The structure of PED/PEA-15 was solved previously from solution
NMR [30], and an NMR backbone dynamics study was recently
reported in the free-form [31]. The interactions between PED/
PEA-15 and ERK2 have been examined using a fluorescence binding
assay, which reported that PED/PEA-15 binds to ERK2 to a high affin-
ity, with a K4 =133 &5 nM, and phosphorylation states on both PED/
PEA-15 and ERK2 do not significantly affect the stability of the com-
plex [13,32]. A recent light scattering study demonstrated that PED/
PEA-15 and ERK2 form a strong 1:1 complex of ~57 kDa [33]. Here
we have studied the dynamic properties of PED/PEA-15 in its ERK2
complex using high resolution NMR spectroscopy. While our chemi-
cal shift perturbation (CSP) and dynamic data in the ERK2-bound
PED/PEA-15 confirmed the essential roles of the C-terminal tail, espe-
cially the putative pseudo D-site sequence at the end of the tail
[13,30], our data suggested an alternative binding model to the previ-
ously proposed binding interface on the DED that involves the al1-a2
and a5-a6 loops, including an essential residue, D74 [30]. Based on
our data reported here, we propose a novel binding model that
upon recognition of the pseudo p-site sequence on the PED/PEA-15
C-terminal tail by the ERK2 D-recruitment site, the PED/PEA-15
DED undergoes significant conformational change, associated with
rearrangement of vital polar interaction sites (hydrogen bonding
and charge-charge interactions) on the protein surface to create
an induced binding interface to ERK2. In this induced-fit binding

model, the key residue D74 acts as a hinge to facilitate the rear-
rangement of the charged and polar interactions on PED/PEA-15
upon ERK2 binding. However, contrary to the model suggested from
the mutagenesis study, D74 is not directly involved in contact with
ERK2 protein.

2. Methods and materials
2.1. Protein expression and purification

Full length PED/PEA-15 protein was expressed and purified as de-
scribed previously [30]. Briefly, the protein was cloned into a pQE-9
vector (Qiagen), and was expressed as hexahistidine (Hisg) tagged
protein at the N-terminus. Uniformly 2H/'°N and 2H/'3C/'*N labeled
protein was overexpressed in Escherichia coli BL21 cells in minimal
medium in D0 containing '>’NH4Cl and/or 3C-glucose as the sole ni-
trogen and carbon sources, respectively. Cells were grown at 37 °C to
an optical density 0.D.600~0.4-0.7 and then induced with 1 mM
isopropyl-3-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 Ni?* affinity chromatog-
raphy and subsequently purified to homogeneity by anion-exchange
chromatography (MonoQ HR 16/10).

2.2. NMR spectroscopy

The free PED/PEA-15 NMR sample was prepared at 0.7 mM pro-
tein in 10 mM sodium phosphate buffer pH 7.0, 1 mM dithiothreitol
(DTT) and 50 uM NaNjs in 90%/10% H,0/D,0. The PED/PEA-15/ERK2
complex was formed using the uniformly labeled PED/PEA-15 with
unphosphorylated ERK2 that was expressed and purified as described
[34]. The complex NMR sample was prepared with 0.7 mM uniformly
labeled PED/PEA-15 and a stoichiometric amount of ERK2 (1:1 molar
equivalent) in 10 mM sodium phosphate buffer pH 7.0, 150 mM Nadl,
1 mM DTT and 50 pM NaNj in 90%/10% H,0/D-0.

All NMR experiments were acquired at 25 °C on a Bruker Avance
800 MHz NMR spectrometer, operating at 'H frequency of
800.35 MHz, and '°N frequency of 81.1 MHz, equipped with triple-
resonance cryoprobes at the New York Structural Biology Center
(NYSBC). 2D 'H-'°N correlation experiments for free PED/PEA-15
and PED/PEA-15/ERK complexes at 1:0.5, 1:1, and 1:2 ratios were
obtained using TROSY techniques [35,36]. TROSY-based protein back-
bone dynamics experiments [37] were performed to measure >N R;,
5N R,, and ['H]-"°N heteronuclear NOE for both free PEA-15 and
PEA-15/ERK2 complex at a 1:1 ratio. Typically, 7 time points were col-
lected for Ry and R, experiments, and each set included one duplicate
measurement to allow an estimation of uncertainty. The delay times
were 65, 150, 246, 363, 523, 758, and 1142 ms for R; experiments,
and 20.8, 41.5, 62.2, 82.9, 145.0, 186.4, and 227.8 ms for R, experi-
ments. All NMR data were processed using NMRPipe [38] and ana-
lyzed using NMRView] [39]. Peak intensities were measured for the
calculation of the relaxation times and heteronuclear ['H]-°N NOE
values. Ry and R, rates were determined by fitting peak intensities
(I) at multiple relaxation delays (t) to the equation I(t)=Ise™ Rt
using the graphing program IGOR Pro (www.wavemetrics.com). Un-
certainties in Ry and R, represent the statistical errors obtained from
the fitting procedures. Steady-state heteronuclear ['H]-!'°N NOEs
were calculated as the ratio of 'H-'°N correlation peak heights in
the spectra acquired with and without 'H saturation and their uncer-
tainties were set to 5%.

2.3. Relaxation data analysis

The >N Ry, R,, and ['H]-"°N heteronuclear NOE data were further
analyzed using the suite of Mathematica notebooks for protein main
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chain relaxation data analysis [40]. The overall diffusion tensor was
determined using the corresponding notebook from residues with
NOE>0.7 in the DED domain. The per residue plots of J(0), J(®y),
and J(0.87wy) were generated from reduced spectral density map-
ping using the equation described by Farrow et al. [41,42], and
implemented in the Mathematica notebook. The per residue correla-
tion time was calculated from J(0) and J(wy) spectral densities
using equation described by Viles et al. [43]. The distributions of spec-

tral densities and correlation times were performed using in-house

scripts written for Igor Pro graphing software. Model free analysis

was attempted using the Mathematica notebook [40], ModelFree

4.20 [44,45], Fast-ModelFree [46], and TENSOR2 [47]. The $? order pa-
rameters were also estimated from J(0) and J(wy) spectral densities
using the equation described by Viles et al. [43].
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3. Results
3.1. Chemical shift perturbation

The TROSY 'H-'°N correlation experiments were performed on
the perdeuterated PED/PEA-15 and its ERK2 complexes at 1:0.5, 1:1,
and 1:2 ratios. A number of PED/PEA-15 resonances experience sig-
nificant spectral shifts upon association with ERK2, as shown in the
superposition of the TROSY 'H-!°N correlation spectra of PED/
PEA-15 in the free-state and the 1:1 complex of ERK2-bound state
(Fig. 1A). At higher ERK2 ratios, however, no spectral changes can
be observed, consistent with a tight 1:1 complex formed between
PED/PEA-15 and ERK2 as indicated in the fluorescence anisotropy
assay [13] and the light scattering studies [33] (for details on the
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Fig. 1. (A) Superposition of the "H->N TROSY spectra of PED/PEA-15 in the free (black) and ERK2-bound form (red) at 1:1 ratio. Resonances that display significant changes

in chemical shifts in the presence of ERK2 are labeled in blue and indicated by
(B) Chemical shift perturbation (CSP), defined as AHz = [(A]—[/l—[z)2 + (AN/HZ)Z}
as blue bars on top of the figure.

een arrows. Peaks for residues found to be important in ERK2 binding are labeled in magenta.
, is displayed against residue number. The positions of c-helices of PED/PEA-15 are represented
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NMR titration experiments, please refer to the Supplementary mate-
rials). Residues experiencing significant shifts (>20 Hz) or broaden-
ing are indicated in the figure. Chemical1 szhift perturbation (CSP),
defined as AHz = [(AH/HZ)2 + (AN/Hz)Z] ! displays the most pro-
nounced shifts for residues E50, S51, and H52 in the o4 helix, and res-
idues 163, H65, 166, and 169 in the a5 helix of the folded DED domain
(Fig. 1B), although these two helices have not been shown to be es-
sential in ERK2 binding [30]. Therefore, significant conformational
change in the a4 and o5 helices is implicated in the ERK2 complex.
Interestingly, the CSP feature for these residues is consistent with re-
laxation behavior, exhibiting large fluctuations in dynamics in this re-
gion, indicative of increased motion upon ERK binding (see below).
On the other hand, the residues that were reported to be essential
for binding ERK2 by the mutagenesis study [30], including residues
N14, T16, and E18 in between a1 and a2, and R71 and D74 in be-
tween o5 and a6, only display moderate CSP. In fact, the original
NMR study of the PED/PEA-15 binding with ERK2 showed that the
resonances of these essential residues were all broadened rather
than shifted upon interacting with ERK2 [30].

Another region that displays large CSP values is in the C-terminal
tail, which has been shown to be important in binding ERK2. The
large CSP values are observed in residues E92, D96, Y108, K109,
E119, 1120, 1121, and K128. It has been speculated that the PEA-15
sequence '*'IKLAPPPKK'® binds to the ERK2 D-recruitment site
(DRS, also called DEJL-domain), reminiscent of the consensus binding
sequence (R/K),_3X4_gbaXdp to the DRS of ERK2 in the reverse direc-
tion, where ¢ and ¢g are hydrophobic residues (I, L, or V), and X
represents any amino acid [13,32]. The essential residues (1121,
L123, K128, and K129) for the putative binding of ERK2 DRS do
show significant shifts upon complex formation.

3.2. Relaxation parameters

Recently, the backbone dynamics of PED/PEA-15 in the free-state
has been reported, and interesting dynamic features have been ob-
served in correlation to the protein functional sites [31]. We studied
the backbone dynamics of 2H,'°N-labeled PED/PEA-15 in the
ERK2-bound state, and quantitative '°N relaxation parameters were
obtained using TROSY techniques at 800 MHz field strength (Fig. 2)
[37]. As a comparison, we also measured the relaxation data of the
2H, > N-labeled PED/PEA-15 in its free-state at the same field strength
and TROSY-based sequences. The measured R; values for the free
PED/PEA-15 are, in general, larger than the reported values, due to
the fact that we were using a perdeuterated protein. The general
trends for Ry, however, are in good agreement with the literature.
The R, and ['H]-"°N heteronuclear NOE also agree with the reported
values. In particular, the average relaxation values are Ry =2.44 +
044 s ', R,=125+255" !, Ry/R; =5.23+1.38, and NOE=0.77 +
0.28 for the DED (residues 1-90); and R;=2.99+0.79 s~ !, R,=
47+23 57!, Ry/R=1.66+1.01, and NOE=—0.50+0.58 for the
C-terminal tail (residues 91-130). The C-terminal tail residues have
generally higher R; values than the DED residues, possibly due to
nanosecond motions, but show lower R, values than DED residues, in-
dicative of higher degree of structural disorder, which is consistent
with low NOE values.

The ERK2-bound PED/PEA-15 displays significant variation from the
free-state PEA-15. On average, the relaxation values are Ry =2.99 +
0605, R,=27.6+6.85"!, Ry/R; =9.62+3.03, and NOE=0.68 +
027 for the DED; and R;=320+075s"! R,=153+545s"}
Ry/Ry=4.78 £1.73, and NOE= —0.23+0.60 for the C-terminal tail.
The R; values are more consistent throughout the DED and the
C-terminal tail, indicating a restrained nanosecond motion in the tail
upon binding to ERK2. However, residues between 61 and 88,
corresponding to helices 5-6, display consistently elevated R, values
comparing to the free form in the same segment, indicating that these

residues exhibit higher nanosecond motions upon binding ERK2. The
substantial increase in the R, values is consistent with the reduced over-
all tumbling rate upon complex formation. The heteronuclear NOE
values indicate a slightly flexible DED but a more rigid tail comparing
to the free-state PED/PEA-15. S104 in the tail exhibits one of the lowest
Ry, Ry, and NOE values in the ERK2-bound state, whereas D110 displays
high Ry, R,, and NOE values. In addition, extraordinarily low NOE values
are observed for the DED residues E64 and E68 in the middle of helix
a5, and R72, part of the charge triad, in the ot5-a6 loop. This region
also displays the largest chemical shift perturbation, indicating a signif-
icant conformational change upon binding. However, the residues in
this region are not crucial for ERK2 binding based on the mutagenesis
study [30]. This region, therefore, might act as a scaffold to facilitate rec-
ognition of ERK2. Residues T16, D19 (part of charge triad), and L20 of
o2, and residues K35, 139, and T41 of a3-a4 loop also display lowered
NOE values than the free form. Lowered NOE values for residues D74
(part of charge triad), L75, and L76 are also observed, but to a lesser
extent.

3.3. Rotational diffusion tensor

The isotropic global correlation time for the free-form PED/PEA-15
was estimated from R,/R; ratio of 69 residues within the DED with
heteronuclear NOE>0.7 and coordinates from the NMR structure of
PEA-15 (PDB ID: 1N3K) [30], yielding a value of 7,,=8.13 ns with
x*>=199. This value is consistent with the expected value for a
130-residue protein, and in good agreement with the reported overall
correlation time reported previously [31]. The diffusion model for
PEA-15 protein is best described as axially symmetric, and the tensor
parameters were estimated as D =2.31x107, D =1.60x 107, =
82.8°, and 6 =0.80°, with y? = 140. The value for an axially symmet-
ric diffusion tensor is T.=8.04 ns.

For the ERK2-bound PED/PEA-15 protein, the isotropic global cor-
relation time was estimated from R,/R; ratio of 42 residues within the
DED with heteronuclear NOE>0.7, giving a value of 17,,=11.57 ns
with y?=65.9. The axially symmetric diffusion tensor analysis yields
D =1.55%x107 s~ !,D =1.05x107 s~ !, $=70.8°, and 6 = 30.5°, with
x?=>51.6. These parameters are also summarized in Table 1. The re-
duced axially symmetric diffusion tensor values and higher global
correlation time indicate the formation of a larger complex. However,
this global correlation time of 11.57 ns is considerably small compar-
ing to the expected value for a 57 kDa complex. A per-residue corre-
lation time analysis shows that while the majority of the PED/PEA-15
residues have correlation times, T, centered around this global 7, a
number of residues on helices a1, a5, and a6 possess higher 7. values
around 15 ns, consistent with the 57 kDa complex (see text below).

3.4. Reduced spectral density mapping

Reduced spectral density mapping is a convenient method to
characterize the motion of each 'H-'>N bond vector at 0, '°N, and
H frequencies without knowing the nature of molecular global rota-
tional diffusion [41,48]. The J(0) spectral density function is equal to
%Tm, where T, is the rotational correlation time, in the absence of
internal motions. A J(0) value less than %Tm is indicative of sub-
nanosecond flexibility of the N-H bond vector. An elevated J(0) spec-
tral density (> 2Ty, ) indicates slow micro- to millisecond motions, or
Rex. The J(®y) and J(0.87wy) spectral densities, on the other hand, are
not affected by the slow R.x motions, and thereby can be used to iso-
late the slow motions observed in the J(0) spectral densities. Higher
than average J(0.87wy) spectral densities also indicate enhanced mo-
bility in the fast pico- to nanosecond timescale. In addition, J(0) spec-
tral density is dominant in the transverse '°N relaxation rate, R,, and
J(wy) is the major contributor to the longitudinal >N relaxation rate,
Ry, while J(0.87wy) is directly proportional to the cross-relaxation
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Fig. 2. Relaxation rates R; =1/T; and R, = 1/T>, heteronuclear ['H]-'°N NOE, and R,/R; values for PED/PEA-15 in the free (red) and ERK2-bound form (blue).

rate constant, Ry_.n. As a result, the spectral densities are consistent
with the primary experimental relaxation rates.

The reduced spectral density functions at J(0), J(wy), and
J(0.87wy) frequencies were calculated for each residue of PEA-15 in
both free- and ERK2-bound forms, and are plotted in Fig. 3. PEA-15
protein in the complex has J(0) spectral densities consistently higher
than the values in the free form due to the increased R, rate upon
complex formation. The average J(0) =4.23 4+ 1.00 ns for the DED is
in agreement with Z7, =3.25ns. The significantly reduced J(0)=
0.9040.70 ns spectral density indicates a highly flexible C-terminal
tail in sub-nanosecond timescale. There is only one residue, E68, in
the DED which has a J(0) spectral density smaller than one standard
deviation, indicative of increased mobility in the fast timescale.

However, residues E3, T6, Q9, L11, and N13 in a1, S33, K35 in a3,
T40 and L49 in o4, D58 in loop ad4-a5, and S70, D74, M78, Y82,
R83, and T84 in a6, all exhibit J(0) spectral densities higher than
one standard deviation, with the highest J(0) values observed in
K35 (6.29 ns/rad), T40 (7.89 ns/rad), and L49 (6.93 ns/rad),
reflecting enhanced slow micro- to millisecond Rex motions in these
residues. Notably, most of these residues are charged or polar resi-
dues on the protein surface, with D74 critical in ERK2 binding.

The ERK2-bound PED/PEA-15 has average J(0) spectral densities of
9.844-2.58 ns for the DED, and 5.05+2.02 ns for the C-terminal tail.
The 2Ty, is 4.63 ns for the complex, and surprisingly, this value matches
the J(0) value of the C-terminal tail, while the DED has an average J(0)
spectral density about twice the 7, value. Three residues from the
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Table 1
Dynamic parameters for PED/PEA-15 in free and ERK2-bound forms.
Free form Bound form
DED Tail DED Tail
Tm (DS) 8.13 11.57
D s ) 2.31x107 1.58x 107
D s ") 1.60x 107 1.04x 107
b (%) 82.8 70.8
0(°) 0.80 30.5
Tei (ns) 7.91+£1.22 10.55+1.65
15.134+0.93
Ry/R4 5234138 1.66+1.01 9.62+3.03 478+1.73
J(0) 423 +1.00 0.90+0.70 9.84+2.58 5.0542.02
ns/rad
J(®N) 0.604-0.11 0.60+0.14 0.71+£0.14 0.69+0.18
ns/rad
J(0.870wH)  0.00904+0.0084 0.070+0.032 0.0154+0.015 0.05840.021
ns/rad

C-terminal tail have J(0) spectral densities outside the high limit of one
standard deviation, D93 (9.87 ns/rad), K109 (7.89 ns/rad), and D110
(11.15 ns/rad), representing candidates for slow R.x motions. The J(0)
spectral densities for the DED in the complex suggest that the DED re-
laxation R, rate is dominated by Ry throughout the sequence. This re-
sult is highly unexpected, and we propose that upon complex
formation, the C-terminal tail binds to ERK2 tightly, and moves together
as part of the complex, while the DED undergoes coordinated motions
accompanying a conformational change, resulting in much higher J(0)
spectral densities (see Discussion below). Further, several residues dis-
play additional slow timescale R., motions on top of the whole domain
chemical exchange as reflected in J(0) spectral densities outside the
high limit of the normal distribution (Fig. 3A), including residues Q9,
L11, and N13 in a1, S51 in o4, S61 in a5, and S70, T77, M78, D81,
Y82, and R83 in a6, with highest J(0) values observed in S70 (15.0 ns/
rad), M78 (15.9 ns/rad), and Y82 (15.8 ns/rad).

The J(wy) values exhibit less variation with residue number for
both free-form and ERK2-bound PED/PEA-15 (Fig. 3B). Consistent
with the R; values, the bound form displays higher J(wy) spectral
densities between residues 61 and 88 in helices a5 and a6 than the
free form, indicating increased motions at the fast timescale for
these residues.

The high-frequency spectral density function J(0.87wy) has much
smaller values with an opposite trend from J(0), where larger values re-
flect increased fast timescale, pico- to nanosecond motions (Fig. 3C),
recalling slow R.x motions are not reflected in J(0.87wy) spectral densi-
ties. As expected, the J(0.87wy) values for the C-terminal tail (0.070 £
0.032 ns) are about a magnitude larger than those of the DED
(0.0090+0.0084 ns) in the free form. Comparing J(0.87wH) spectral
densities for the free and ERK2-bound form of the protein, it appears
that the C-terminal tail is less flexible in the fast timescale for many res-
idues, as evidenced of J(0.87®wH) reduced to 0.058 4-0.021 ns in the
bound form, while residues in the DED display enhanced flexibilities
with observed increased J(0.87wH) to 0.0154-0.015 ns. The largest
J(0.87wy) values are observed for residues E64 (0.0597 ns/rad) and
E68 (0.0545 ns/rad) in a5. Interestingly, residues in a5 also exhibit
the largest chemical shift perturbation upon binding to ERK2, although
they are not essential in ERK2 binding. Other residues that show
increased J(0.87wy) values upon complex formation include 115, T16,
L17, D19, and L20 of a2, K35, 139, and T41 around loop a:3-a4, R72
on loop a5-a6, and L75 of a6. Many residues in a5 and a6 exhibit
both increased J(0) and J(0.87wy) spectral densities when PED/
PEA-15 is bound to ERK2, indicating complicated motions in this region
across a wide range of time scales (ps-ms).

The 40-residue long, disordered C-terminal tail is also believed to
influence the overall tumbling of the globular DED in both free- and
ERK2-bound forms. As a result, the motions of the folded DED of
PED/PEA-15 cannot be described by a simple anisotropic tumbling

model with unique diffusion tensor elements, D- and D*, and the mo-
tions of individual N-H vectors are better characterized by a distribu-
tion of correlation times on a nanosecond timescale, reflecting the
conformational disorder of the C-terminal tail. This phenomenon
has been observed previously [43]. The effective rotational correlation
time (7.;) for each residue can be calculated from J(0) and J(on):

B 12
_ 1 [JO);=J(on); )
Tei = oy [ J(wN)iN ] [49]. The T; values should be the same assum-

ing isotropic tumbling and the absence of both fast internal motions
and slow conformational changes. We have calculated the T.; value
for each rigid residue with NOE>0.7 for PED/PEA-15 in free-form
(Fig. 5A). The per-residue correlation times can be characterized by
a Gaussian distribution centered at 7.48 ns with a width of 1.71 ns
(Fig. 5B). The center of the 7; distribution is consistent with the esti-
mated overall T,,=8.13 ns, but the values cover a wide range from
5 ns to above 10 ns.

Surprisingly, binding to ERK2 does not simplify the dynamic be-
havior of PED/PEA-15. Instead, the globular DED in the ERK2-bound
state exhibits overly complicated dynamic features compared to the
free-form, as seen in the spectral density functions at all three fre-
quencies. The per-residue correlation times also have a wide range
of distribution, from less than 8 ns to about 17 ns, for rigid residues
with NOE> 0.7 (Fig. 5A). A fit of 7; for the bound state into a Gauss-
ian distribution yielded a center of 10.55 ns with the width of 1.65 ns
(Fig. 5C and Table 1). The fitted center of the distribution is consistent
with the overall correlation time T, but a number of residues exhibit
longer correlation times, which cannot be readily fitted into the main
Gaussian curve but appear as a second distribution centered at 15.1 +
0.9 ns (Table 1), a tumbling rate more consistent with the size of the
complex. These residues include Q9 (14.6 ns), L11 (16.9 ns), N13
(13.9 ns), D58 (15.5 ns), 166 (15.6 ns), 169 (14.4 ns), M78 (15.8 ns),
and Y82 (14.3 ns), located in helices a1, o5 and «6. This is an inter-
esting observation in that many residues on PED/PEA-15 have inter-
mediate correlation times in between the free-form (~8 ns) and the
complex form (~15 ns), while only a small number of residues expe-
rience correlation times of the complex. We hypothesize that the res-
idues with long correlation times (~15 ns) are in tight association
with ERK2, and are located at the binding interface of the complex.

4. Discussion

Reduced spectral density functions, J(0), J(wy) and J(0.87wy), de-
rived from relaxation parameters, R;, R», and heteronuclear [ 'H]-'°N
NOE, provide complementary information about motions along the
polypeptide backbone. The spectral density function at zero frequen-
cy reflects both internal motions on the ps-ns timescale that are
faster than the overall tumbling of the protein and slow R.x motions
on the ms-ps timescale. The high-frequency spectral density function,
J(0.87wy), is only sensitive to fast internal motions on ps-ns time-
scale. Typically, these J(0) and J(0.87wy) functions show opposite
trends, as observed in PED/PEA-15 protein where residues in the
globular DED, in general, have larger J(0) and smaller J(0.87®y)
values compared to C-terminal tail residues because of increased
internal flexibility of the structurally disordered C-terminal tail. The
J(oy) function is less sensitive to variations in internal motions
under the global rotational correlation times for both free-state
PED/PEA-15 and the complex formed between ERK2 and PED/
PEA-15 proteins, and no significant differences in this function have
been observed for the structured DED and the tail.

Detailed analyses of the reduced spectral density mapping revealed
that PED/PEA-15 exhibits extremely complicated dynamic behavior in
both free- and ERK2-bound forms. In its free form, the highly disordered
and flexible C-terminal tail significantly affects the overall tumbling of
the protein, resulting in a wide distribution of the correlation times
for individual N-H bond vectors in the globular DED (Fig. 4B). Upon
complex formation with ERK2, the C-terminal tail of PED/PEA-15
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Fig. 3. Reduced spectral density functions (A) J(0), (B) J(®wy), and (C) J(0.87wy) for PED/PEA-15 in the free (red) and ERK2-bound form (blue). In the J(0) plot (A), solid red and blue
lines represent%fm for the free and ERK2-bound forms, respectively; and dashed red and blue lines represent one standard deviation from the mean value of the J(0) spectral den-
sities for the DED of the free form and the tail of the ERK2-bound form, respectively. The solid and dashed black lines represent the mean and one standard deviation, respectively, of

the J(0) spectral density for the DED of the ERK2-bound form. See text for detail.

becomes less flexible, while the DED shows an increased complexity in
dynamics. The putative ERK2 DRS binding sequence at the C-terminal
tail of PED/PEA-15, "2'IKLAPPPKK'%, which displays large chemical
shift perturbations upon complex formation, shows J(0) spectral densi-
ties that are within the vicinity of the expected £ T, value, although the
high frequency J(0.87wy) spectral densities still indicate increased mo-
tions in the fast ps-ns timescale compared to most residues in the DED.
Nevertheless, fast motions in this region are greatly reduced upon ERK2
binding compared to the free-form, and J(0.87wy) values in this region

(residues 121-129) are comparable to at least two residues (E64 and
E68) from the DED in the complex form. From the CSP and spectral den-
sity results, we believe that residues 121-129 are directly involved in
ERK2 binding, consistent with previous observations that a D-site pep-
tide can dissociate PED/PEA-15 from ERK2 complex [13].

The role of the globular DED in ERK2 binding, however, is very
complicated. The previous mutagenesis study indicated that D74 is
important in binding ERK2, and a single mutation D74A completely
abolished the binding capability of PED/PEA-15 [30]. Several other
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Fig. 4. (A) The per residue correlation times, 7, for rigid DED residues (NOE>0.7) of PED/PEA-15 in the free (red) and ERK2-bound form. The histograms and Gaussian distributions
of T; for free and ERK2-bound forms are displayed in (B) and (C), respectively. The free-form shows a single distribution centered at 7.5 ns, while the ERK2-bound protein displays a
minor distribution at a higher correlation time (~15 ns) in addition to the major distribution centered around 11.5 ns.

residues, including N14, T16, E18, and R71, were also indicated to af-
fect ERK2 binding. These residues are shown on the PED/PEA-15 NMR
structure (PDB ID: 1N3K) in Fig. 5A. However, none of these residues
stands out in the CSP analysis, and on the contrary, the resonances for
these residues experience very little shift upon ERK2 binding (Fig. 1).
Interestingly, the HSQC spectra in the original study showed that all
of these resonances were broadened out instead of shifted, indicative
of intermediate exchange or aggregation. In our TROSY spectra
(Fig. 1A), all of these residues are clearly seen in both the free-state
and ERK2 complex (labeled in magenta), and their chemical shifts
in both dimensions are virtually unchanged. Therefore, the chemical

environments surrounding these residues have relatively small var-
iations upon complex formation. The dynamic analyses did not
reveal much unusual behavior for these residues in either free- or
ERK2-bound form. D74 is part of the charge triad E'®-R7>xD“L on
the DED surface, and we do not expect any major disruption or
rearrangement of surface interactions to occur to D74 when PED/
PEA-15 binds to ERK2. There are, however, several residues in helices
a4 and o5 that experience large CSP, including H52, 163, H65, 166,
and 169, and some residues in a5 and o6 have complicated motions
as indicated by their higher than average values in both J(0) and
J(0.87wy) spectral densities, although none of these residues are
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Fig. 5. Molecular structural representations of PED/PEA-15 DED. (A) Residues that are important for ERK2 binding from previous mutagenesis study are colored in magenta. (B) Chemical
shift perturbation values are mapped onto the DED structure ramped from bright yellow to dark green as increasing CSP values. The per-residue correlation times for PED/PEA-15 in the
free (C) and ERK2-bound forms (D) are mapped onto the DED structure with darker green color represents larger 7; values. Large T.; values (~15 ns) are observed in the helices a1, a5,
and a6, suggesting a tight association in this region to ERK2 protein. (E) J(0) and (F) J(0.87cy) values for the PED/PEA-15 in the free form are mapped onto the DED structure with darker
red color represents greater values. (G) J(0) and (H) J(0.87®y) values for the PED/PEA-15 in the ERK2-bound form are mapped onto the DED structure with darker blue color represents
greater values. The J(0) and J(0.87wy) show opposite trends in general, and residues with darker color in one plot normally show lighter color in the other, although some residues display
both increased J(0) and J(0.87wy) values, represented as darker region in both plots. See text for detail.

essential in ERK2 binding from the mutagenesis study. The essential
binding residues (N14, T16, E18, R71, D74) are localized on a small
surface formed around a1-a2 loop and a5-a6 loop. We speculate
that these residues are crucial for binding, not through direct interac-
tions with ERK2, but acting as a hinge and maintaining flexibility of
the protein to facilitate the conformational change necessary for
binding ERK2. The conformational change, however, does not alter
the hinge conformation in any significant way.

We have mapped CSP, J(0), J(0.87wy), and T; values for DED res-
idues 1-90 onto the NMR structure of PED/PEA-15 (1N3K), together
with mapping of residues found to be important in ERK2 binding
from the previous mutagenesis study, in Fig. 5. Residues showing
large CSP are clustered mostly in helix a5, and most residues with
larger CSP values (dark green) are located on the opposite side of
the essential residues (Fig. 5B). The per-residue correlation times,
Tcj, are distributed more evenly across the DED in the free-form,
with a single distribution center around 8 ns (Fig. 5C), while the
ERK2-bound form T.; values are unevenly distributed with two distri-
bution centers at 11 ns and 15 ns. The high 7; values are clustered on
the helices a1, a5, and a6 (Fig. 5D), the same locations for residues
with high CSP, suggesting a tight association of this region with
ERK2. The spectral density functions, J(0) and J(0.87®y), show oppo-
site trends in general, where residues with smaller J(0) densities
(lighter color, Fig. 5E and G), have higher J(0.87wy) values (darker
color, Fig. 5F and H). Increased J(0) spectral densities are observed
for helices a1 and a6, as well as part of a3, for the free PED/PEA-15
(Fig. 5E). Residues with higher than average J(0.87wy) in free PED/
PEA-15, indicative of enhanced internal motions in the ps-ns time-
scale, are located relatively far from the surface location of the essen-
tial binding residues (Fig. 5F). Some residues in the middle of helices
al, a3, a5 and a6 show an increase in both J(0) and J(0.87wy) den-
sities, suggesting complicated dynamic behaviors on both fast and
slow timescales. Upon complex formation, helices a4 and o5 show
increased motions on the pus-ms timescale as indicated by higher
than average J(0) spectral densities, while a3 has enhanced motions

on the ps-ns timescale reflected in the lower J(0) and larger
J(0.87my) values (Fig. 5G-H). Nevertheless, the spectral density func-
tions do not demonstrate any unusual dynamic characters for the es-
sential binding residues as intermediate J(0) and small J(0.87wy) are
observed for the protein in both free- and ERK2-bound form. In either
free- or ERK2-bound forms, the most dynamic residues on both slow
and fast timescales are mostly located on the opposite side of the sur-
face on which the essential binding residues are found. The dynamic
profiles, again, argue strongly that the binding essential residues in
PED/PEA-15 are not directly involved in the interactions with ERK2.

Then why are these residues found to highly affect the binding
capability of PED/PEA-15 to ERK2? Combining chemical shift pertur-
bation, spectral density analyses and previous results of the mutagen-
esis study and fluorescence binding assays, we propose the following
binding model. Upon recognition of the reversed pseudo D-site se-
quence, '2'IKLAPPPKK'?9, at the tail of the PED/PEA-15 by the ERK2
D-recruitment site, the essential residues on the DED, through various
side-chain interactions (charge-charge, hydrogen bonding, etc.) with
other residues on the surface, facilitate conformational change and
structural rearrangement of the DED to recognize the ERK2 surface
near the F-recruitment site. The PED/PEA-15 uses an induced surface
formed from residues on helices a1, o5, and o6 to interact and tum-
bles together with ERK2, resulting in high 7.; values of ~15 ns, while
helices a2, a3, a4 are tumbling more freely from ERK2, displaying a
lower T.; values of ~11 ns (Fig. 6A). The two tumbling rates are coor-
dinated through the polar interaction network of the charge triad
motif, D'°-R72xD7L (x = any residue). A single site mutation in the
charge triad, D74A, disrupts polar surface interactions on PED/
PEA-15, with the resultant loss of the flexibility for conformational
rearrangement that is crucial to binding to ERK.

The charge triad is considered a signature feature of the DED, exem-
plified by the crystal structure of the viral FLICE inhibitory protein
MC159 [24,26], and is found in many DED-containing proteins [4].
However, our data does not support any direct contact of the charge
triad to the ERK2 binding interface. Interestingly, another ERK2-
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Fig. 6. (A) Interaction model of PED/PEA-15 and ERK2. The C-terminal tail containing the reversed pseudo D-site sequence binds to the D-recruitment site on ERK2. Conformational
changes on PED/PEA-15 DED expose binding surface on the helices a1, a5, and «6 that interact and tumble with ERK2 at a high correlation time (~15.1 ns), while helices a2, a3,
and o4 are tumbling relatively freely from the ERK2 at a lower correlation time (~11 ns). The charge triad motif, D19-R72-D74, coordinates the conformational change by
maintaining the orientations of the side chains. (B) Sequence alignment of death effector domains of PED/PEA-15 and vanishin/PEA-15b. The conserved charge triad D/E-RXDL res-
idues are colored in dark blue, conserved hydrophobic residues in magenta, charged residues in cyan, and polar, uncharged residues in green. PED/PEA-15 residues important in
ERK2 binding identified from a mutagenesis study are indicated by small arrows on top of the sequence. The nuclear exporting sequence (NES) of PED/PEA-15 is underlined in

the sequence.

binding protein, vanishin/PEA-15b, whose sequence is highly homolo-
gous to PED/PEA-15 protein with 77% similarity over 81 DED residues
[50], lacks the first two residues in the charge triad motif (Fig. 6B).
This also supports the argument that the charge triad is not directly in-
volved in ERK2 binding. In addition, besides ERK2 binding, vanishin/
PEA-15b does not seem to bind other DED-containing proteins [50],
suggesting that the charge triad might be essential in DED-DED interac-
tions, but might not be directly involved in ERK2 complex formation.
The vanishin/PEA-15b protein sequence differs from PED/PEA-15 most-
ly in the first 20 amino acids in the DED, where PED/PEA-15 contains a
nuclear exporting sequence (NES), underlined in Fig. 6B. The NES on
PED/PEA-15 promotes nuclear export of ERK to the cytoplasm.
Vanishin/PEA-15b does not appear to have an NES anywhere in its se-
quence, and it accumulates predominantly in the nucleus and the
Golgi [50]. Several residues important in ERK2 binding are found in
the vicinity of the NES on PED/PEA-15, including N14, T16, and E18.
Therefore, these residues may have different roles in the binding with
ERK2. Another major difference between PED/PEA-15 and vanishin/
PEA-15b is the role of the unstructured tail in ERK2 binding. The previ-
ous mutagenesis study [30], fluorescence binding assay [13], and our
current CSP and dynamic analyses, all point to the essential roles of
the C-terminal tail of PED/PEA-15, and minor changes in the tail will dis-
rupt ERK2 binding completely. Vanishin/PEA-15b protein has its DED in
the middle of the sequence, with a 28-residue N-terminal tail and a
10-residue C-terminal tail. However, no sequence similarity to the

PED/PEA-15 tail or D/F-site sequence can be found on either side of
the DED in vanishin/PEA-15b. It is not clear if the N- or C-terminal
tails of vanishin/PEA-15b are important in ERK2 binding, but it suggests
that vanishin/PEA-15b protein might bind to ERK2 in a completely dif-
ferent manner.

The complex dynamic behaviors observed for PED/PEA-15 in both
free- and ERK2-bound forms, in our opinion, match very well with its
multifunctional roles in regulating various fundamental cellular pro-
cesses in apoptosis, ERK/MAP kinase pathway, and glucose metabo-
lism. For a small, non-catalytic, protein like PED/PEA-15 to perform
multiple functions in remotely related processes, the protein must
be able to maximize the available binding interface to interact with
different targets. Besides ERK2 binding, which requires residues
from both the DED and the C-terminal tails, PED/PEA-15 interacts
with other DED-containing proteins, such as FADD and
procaspase-8, putatively through one of the canonical death domain
superfamily interfaces as illustrated in the crystal structure of a
death domain assembly [23], while it utilizes its first 24 residues to
interact with phospholipase D1 [51]. In addition to available binding
interfaces, the protein should also maintain a wide range of dynamics
in order to adapt to its binding partners (induced fit), which have dis-
tinctly different shapes and properties. In terms of ERK binding, PED/
PEA-15 binds to activated ERK, preventing ERK protein from
relocating into the nucleus from the cytoplasm, a dynamically com-
plicated process. Therefore, we believe that the dynamic complexity
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of PED/PEA-15 contributes to its functional flexibility in regulating
unrelated physiological processes throughout the body.
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