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ABSTRACT: ATF4 plays a crucial role in the cellular response to stress. The E3 ubiquitin ligase, SCF
â-TrCP protein responsible for ATF4 degradation by the proteasome, binds to ATF4 through a DpSGXXXpS
phosphorylation motif, which is similar but not identical to the DpSGXXpS motif found in most other
substrates ofâ-TrCP. NMR studies were performed on the free and bound forms of a peptide derived
from this ATF4 motif that enabled the elucidation of the conformation of the ligand complexed to the
â-TrCP protein and its binding mode. Saturation transfer difference (STD) NMR allowed the study of
competition for binding toâ-TrCP, between the phosphorylation motifs of ATF4 andâ-catenin, to
characterize the ATF4 binding epitope. Docking protocols were performed using the crystal structure of
the â-catenin-â-TrCP complex as a template and NMR results of the ATF4-â-TrCP complex. In
agreement with the STD results, in order to bind toâ-TrCP, the ATF4 DpSGIXXpSXE motif required
the association of two negatively charged areas, in addition to the hydrophobic interaction in theâ-TrCP
central channel. Docking studies showed that the ATF4 DpSGIXXpSXE motif fits the binding pocket of
â-TrCP through an S-turning conformation. The distance between the two phosphate groups is 17.8 Å,
which matched the corresponding distance 17.1 Å for the other extended DpSGXXpS motif in theâ-TrCP
receptor model. This study identifies the residues of theâ-TrCP receptor involved in ligand recognition.
Using a new concept of STD competition experiment, we show that ATF4 competes and inhibits binding
of â-catenin toâ-TrCP.

ATF41 (Figure 1A) is a member of the ATF/CREB b-ZIP
transcription factors that bind to DNA by their basic region
and dimerizeVia their leucine zipper domain to form a large
variety of homodimers and/or heterodimers that allows the
cell to coordinate signals from different pathways (Figure
2) (1, 2). ATF4 plays a crucial role in response to various
cellular stress conditions like ER stress, heme deficiency,
amino acid deprivation, viral infections and dsRNA expres-
sion (Figure 2). Multiple intracellular stress pathways (3)
converge on a single event, phosphorylation of eIF2R, which
leads both to a general inhibition of protein synthesis and

also to the translational up-regulation of the mRNA encoding
ATF4 (4-7). Thus the targets of ATF4 are of paramount
importance in a generalized stress response. In addition,
ATF4 is important for cell proliferation and differentiation
(8, 9). ATF4 is a critical regulator of osteoblast differentiation
and function (10) and of bone resorption (11). ATF4 is also
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involved in long-term memory induction (12). Hence, ATF4
is a master transcription factor for which temporal expression
and activity are under tight cellular control (Figure 2) (13-
15).

ATF4 represents a novel substrate for the SCF-â-TrCP
complex (Figure 1B), which is the first mammalian E3
ubiquitin ligase identified so far for the control of the
degradation of a b-ZIP transcription factor. The F-box protein
â-TrCP (Figure 1B), the receptor component of the SCF E3
ubiquitin ligase, is colocalized in the nucleus with ATF4 and
controls its stability (16) and subsequently its transcriptional
activity. Association between the two proteins depends on
ATF4 phosphorylation and on ATF4 serine residue 219
present in the context of DpSGXXXpS, which is similar but
not identical to the motif found in other substrates ofâ-TrCP
(Figure 1C).

The domain responsible for substrate binding activity of
â-TrCP is the seven WD40 repeats (namedâ-propeller) at
the C terminus-recognition domain (Figure 1B). The protein-
protein interactions involved can be mimicked by a short
phosphorylated peptide including the degradation motif
DpSGX(2-4)pS. The three-dimensional structure of the human
â-TrCP-Skp1 complex bound to aâ-catenin peptide had
been determined by X-ray crystallography (17). NMR studies

utilizing transfer NOE techniques complemented the crystal-
lographic studies and identified the conformation of several
â-TrCP ligands (Table 1) including Vpu, IκBR, andâ-catenin
(18-20). They share the canonical phosphorylated motif,
DpSGXXpS, required for interaction withâ-TrCP. However,
several other substrates ofâ-TrCP that do not harbor the
canonical DpSGXXpSmotif, including ATF4, have recently
been identified.

In the present work, we studied by NMR techniques the
binding toâ-TrCP of ATF4 using two peptides of 23 amino
acids referred to ATF4 fragment (208-230), 23-ATF4 and
23P-ATF4 for the phosphorylated peptide at the two sites
Ser219 and Ser224. NMR techniques were used to assess the
particular influence of the presence of an additional residue

FIGURE 1: Scheme of protein structures ofâ-TrCP and ATF4. (A)
Schematic representation of the ATF4 structure. The basic region
and the leucine zipper domain (b-ZIP) are indicated in addition to
the DSGXXXS motif. Interaction ofâ-TrCP with ATF4 is impaired
by mutation on the Asp218 and Ser219 ATF4 residues. (B) The
diagram ofâ-TrCP shows the F box responsible for proteasome
targeting through Skp1 binding and the seven WD40 repeats
involved in binding substrates. (C) The phosphorylation site
containing the consensus motif DpSGXXpS is shown in four peptide
ligands of theâ-TrCP protein.

FIGURE 2: Schematic illustration of ATF4 activation via eIF2R
phosphorylation. Protein kinases, PKR, HRI, PERK and GCN2 are
activated by multiple intracellular stress pathways (viral infections,
heme deficiency, endoplasmic reticulum stress, hypoxia, amino acid
starvation and exposure to oxidant or reactive metals) and converge
on a single event, phosphorylation of eIF2R, which allows the
expression of the ATF4 transcription factor that in turn induces
GADD34 transcription (58). Transcriptional induction of GADD34
results in the activation of PP1 and the dephosphorylation of eIF2R
after prolonged exposure to hypoxia. Finally, the ATF4 and eIF2R
pathways converge to optimally induce targets that include CHOP
and BiP. Thus the targets of ATF4 are of paramount importance in
a generalized stress response. Lassot et al. showed that SCFâTrCP

tightly modulates the stability of the transcription factor ATF4 and
therefore also modulates its transcriptional activity following
activation of the cAMP pathway (16, 58).

Table 1: Sequence of theâ-TrCP Peptide Ligandsa

name
sequence
number sequence source

23P-ATF4 208-230 IKEEDTPSDNDSGICMS-
PESYLG

NMRb

24P-IκBR 21-44 KKERLLDDRHDSGLDS-
MKDEEYEQ

NMRb

22P-Vpu 41-62 LIDRLIERAEDSGNES-
EGEISA

NMRb

32P-â-catenin 17-48 DRKAAVSHWQQQSYLDSGI-
HSGATTTAPSLSG

NMRb

11P-â-catenin 30-40 YLDSGIHSGAT X-ray
a Sequence of five peptide ligands of theâ-TrCP protein. Structures

used for binding mode prediction.b NMR, minimized average structure.
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between the two serine residues in the binding motif.
Transferred nuclear Overhauser enhancement (TRNOE)
spectroscopy (21, 22) completed by molecular modeling is
successfully applied to investigate the conformation of a
ligand in its bound form. Utilizing saturation transfer
difference NMR (STD-NMR) techniques, a model for the
binding epitope of 23P-ATF4 peptide bound toâ-TrCP was
derived. Here, experimental data that complement the
structural â-TrCP complex data collected to date are
presented. STD-NMR has been established as an important
technique to identify binding activities and to characterize
binding epitopes of ligands with atomic resolution (23-25).
Docking ATF4 ligand starting from NMR bound conformer
is essential to predict ATF4 ligand binding mode and to
consider â-TrCP protein structural variations in ligand
binding as only NMR bound structure determined in solution
is available for the target. Molecular docking therefore plays
an important role in structure-based drug design (26, 27).

Since numerous substrates sharing related but not identical
phosphorylation motif have recently been identified, we
wanted to address the important question of the competition
between substrates for the binding toâ-TrCP. Toward this
goal we performed a competition STD-NMR method, which
extends the STD-NMR with competitive binding and allows
the detection of the higher affinity ligand in the ATF4-â-
catenin mixture for the same binding site. This method can
also derive a lower limit for the dissociation constant of
ATF4 ligand (28). This STD-NMR method can rapidly be
extended to rank order analogues and derive structure-
activity relationships.

1. MATERIALS AND METHODS

1.1. Peptide Synthesis.ATF4 fragment (208-230) here-
after referred to as peptides 23P-ATF4 and 23-ATF4 was
purchased from NeoMPS Lab., Strasbourg (France). The
amino acid sequence is I208KEEDTPSDNDpSGICM-
pSPESYLG230 for the peptide (derived from the human
protein) containing the phosphorylated sites 219 and 224,
Ser(PO3H2). The peptide nonphosphorylated at Ser219 and
Ser224 was used as a reference. The two peptides were
N-acylated andC-amidated at their respective termini. The
purity (95%) of the peptides was tested by analytical HPLC
and by mass spectrometry.

1.2. Purification of the WD Repeat Region from Human
Protein â-TrCP Fused to the Maltose Binding Protein
(MBP). Coding sequence corresponding to the 253-547
residues of full-length proteinâ-TrCP was inserted into the
pMAL-C2X expression vector (OZYME). The construction
resulted in a fusion protein of approximately 75 kDa
corresponding to the 361 residues of the MBP (29), a 33-
mer linker and the seven WD repeats (residues 253-547)
of â-TrCP hereafter named MBP-â-TrCP. Saturated over-
night preculture ofEscherichia coliRosetta transformed with
pMAL-C2X::TrCP WD was diluted 1:200 in Luria broth
medium (LB) containing 50 mg/L ampicillin, 20 mg/L
chloramphenicol and 2 g/L (D+)-glucose monohydrate
(Sigma-Aldrich), and allowed to grow until OD600nm ) 0.5
at 37°C. Protein expression was induced at 30°C for 4 h
with 1 mM isopropyl-â-D-thiogalactopyranoside (IPTG).
After centrifugation at 4000 rpm for 20 min at 4°C, the
pellet was washed in pH 7.2 TNE buffer (20 mM Tris, 200
mM NaCl, 1 mM EDTA) containing a protease inhibitor

cocktail (ROCHE). The solution was then disrupted at 0.9
kbar, centrifuged at 20000g for 45 min at 4 °C and the
supernatant containing soluble proteins was recovered.
Amylose Resin (New England BioLabs) was pre-equilibrated
in TNE and added to the supernatant to allow the binding
for 1 h atroom temperature, with gentle shaking. The beads
were then washed three times with TNE to remove nonspe-
cific binding. MBP-â-TrCP was eluted by competition with
TNE containing 10 mM maltose for 30 min at room
temperature. Proteins were analyzed on a NuPAGE 4-12%
Bis-Tris gel (Invitrogen) and coomassie staining. Protein
concentration was determined using the standard Bradford
method following the OD at 595 nm. At last, the purified
recombinant protein was concentrated using Amicon Ultra-
15 centrifugal filter units (Millipore) with a 10 kDa molecular
weight cutoff and dialyzed in NMR buffer in order to remove
maltose. Following this protocol, the final yield of purified
MBP-â-TrCP was of 3.5 mg/L. This amount of purified
recombinant protein was used to prepare the NMR samples.

1.3. NMR Spectroscopy.The experiments were run at
500.13 MHz for1H on Bruker AVANCE 500 spectrometer
with a Linux PC workstation, using sample tubes with a
5-mm outer diameter. Two-dimensional NMR spectra were
recorded in the phase-sensitive mode using the States-TPPI
method (30) for quadrature detection in thet1 dimension.
All experiments were carried out using the WATERGATE
pulse sequence for water suppression (31) or using the
excitation sculpting water suppression (32) to eliminate
solvent signal in H2O/2H2O 95:5 solution. The following
conventional two-dimensional experiments TOCSY (33),
NOESY (34), and ROESY (35) spectra were recorded at
several temperatures within the 280-310 K range. TOCSY
spectra were recorded using a MLEV-17 spin-lock sequence
(36) with a mixing time (τm) of 35 and 70 ms, respectively.
For 2D NOESY experiments an optimal mixing time of 300
ms was observed in the 50-500 ms range. For 2D ROESY
experiments, a spin-lock of 50-400 ms was used. Two-
dimensional 1H, 1H spectra were acquired with 256t1
increments, 4096 data points, and a relaxation delay of 2 s,
spanning a spectral width of 11.0 ppm. Spectra were acquired
with 32 scans/t1 increment for NOESY and ROESY, 8 scans/
t1 increment for TOCSY. Spectra were processed using
XWIN-NMR 3.5 (Bruker). For the 2D heteronuclear experi-
ments,1H-13C HSQC (37), 1H-13C HSQC with multiplicity
editing during selection step (38) and1H-13C HMBC (39)
performed in aqueous solution, water resonance was sup-
pressed with low-power presaturation. The spectra were
recorded with 512(t1) × 4096(t2) data points and with a
proton spectral width of 5482.5 Hz in water and a carbon
spectral width of 21380.6 Hz. Spectra were analyzed with
FELIX (Accelrys) software, and chemical shift assignments
were done manually (Tables 2and 3), using data from
TOCSY, NOESY, HMBC and HSQC experiments.

1.3.1. NMR Spectroscopy of Ligand-Protein Interaction.
The spectra of the free peptides at 2 mM sample concentra-
tion were recorded at 280 K in 50 mM sodium phosphate
buffer at pH 7.2, prepared in 95% H2O and 5%2H2O. The
NMR sample of peptide in the presence ofâ-TrCP contained
20 µM protein and 2 mM peptide, for a ratio of 100:1
peptide:protein binding sites, in PBS solution, 50 mM (NaH2-
PO4/Na2HPO4), pH 7.2, containing 0.02% NaN3 and 5%
2H2O. In order to avoid the oxidation of cysteine, it is
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recommended to degas solvents well in order to remove
oxygen present. Moreover, it is preferable to avoid the basic
mediums to solubilize peptide and then to quickly use it after
its setting in solution.

The one-dimensional STD-NMR (24, 25) spectrum of
â-TrCP/peptide was performed at 500 MHz and 280 K with

1024 scans (or 10 240 for a better signal-to-noise ratio) and
a relaxation delay of 2.0 s. STD spectra were recorded with
selective saturation of protein resonances withon-resonance
irradiation at 11 ppm or-1 ppm andoff-resonanceirradia-
tion at 30 ppm for reference spectra. A series of 40 Gaussian
shaped pulses (50 ms with 1 ms delay between pulses,γB1/2
) 110 Hz) were used, for a total saturation time of 2.04 s.
The 1D STD spectra were obtained by internal subtraction
of saturated spectra from reference spectra by phase cycling.

Transferred nuclear Overhauser effect (TRNOESY) (22)
spectra ofâ-TrCP/peptide were recorded at 500 MHz and
280 K. The observed TRNOE correlations were large and
negative; a sample of the nonphosphorylated peptide in the
presence of the protein showed only minimal NOE intensities
with a mixing time of 150 ms. Structure calculations were
based on a spectrum recorded with a mixing time of 150
ms. Automatic baseline correction was performed prior to
integration of cross-peak volumes using FELIX (Accelrys).
Cross-peak intensities were converted to distances (40) by
using the distance between the Tyr228 H aromatic protons
(2.43 Å) as a reference. The TRNOE cross-peak intensities
were classified as strong (1.8-2.7 Å), medium (1.8-3.6 Å)
and weak (1.8-5.0 Å).

1.3.2. Titration WaterLOGSY To EValuate the Kd. Titration
WaterLOGSY permits, after proper correction, the evaluation
of the dissociation binding constant. The details of the pulse
sequence version used for the WaterLOGSY experiment
reported here can be found in the literature (41). The first
water selective 180° pulse does not require high selectivity,
and, in our experiment, a pulse of 20 ms length was found
to be sufficient. The first two pulsed field gradients (PFGs)
have a typical length of 2 ms and a power strength of 4.4
G/cm. This strength is sufficient to destroy the unwanted
magnetization, and, at the same time, it avoids signal losses
due to diffusion occurring between the first two PFGs. A

Table 2: Proton Chemical Shift Assignmentsa

residues NH CRH CâH other

CH3CO (CH3CO) 2.03
1 Ile (I208) 8.31 4.11 1.82 Cγ1H 1.48/1.19; Cγ2H 0.91; CδH 0.90
2 Lys (K209) 8.60 4.38 1.83/1.77 CγH 1.43; CδH 1.69; CεH 3.00
3 Glu (E210) 8.76 4.26 2.06/1.95 CγH 2.30
4 Glu (E211) 8.70 4.29 2.09/1.94 CγH 2.29
5 Asp (D212) 8.53 4.65 2.71/2.62
6 Thr (T213) 8.31 4.60 4.13 CγH 1.27
7 Pro (P214) 4.39 2.33/1.93 CγH 2.05; CδH 3.86/3.84
8 Ser (S215) 8.70 4.47 3.90
9 Asp (D216) 8.57 4.64 2.71/2.63

10 Asn (N217) 8.52 4.73 2.84/2.73 NγH 7.84/7.05
11 Asp (D218) 8.47 4.66 2.76/2.68
12 pSer (S219) 9.01 4.46 4.10/4.07
13 Gly (G220) 8.63 4.02/3.91
14 Ile (I221) 7.97 4.18 1.88 Cγ1H 1.48/1.18; Cγ2H 0.91; CδH 0.89
15 Cys (C222) 8.69 4.51 2.89
16 Met (M223) 8.72 4.58 2.11/2.00 CγH 2.63/2.55; CεH 2.08
17 pSer (S224) 8.90 4.82 4.10/4.08
18 Pro (P225) 4.47 2.35/1.96 CγH 2.06; CδH 3.87/3.90
19 Glu (E226) 8.79 4.19 2.02/2.12 CγH 2.30
20 Ser (S227) 8.28 4.39 3.85
21 Tyr (Y228) 8.31 4.59 3.06 Ar2.6H 7.15 ; Ar3.5H 6.83
22 Leu (L229) 8.27 4.25 1.58 CγH 1.46; CδH 0.91
23 Gly (G230) 7.92 3.87/3.83

CONH2 (CONH2) 7.23/7.46
a 1H NMR chemical shifts of the mixture of 2 mM 23P-ATF4 peptide and 0.02 mM MBP-â-TrCP protein in ppm from TSP-d4. Spectra were

recorded at 280 K, pH 7.2, 23P-ATF4/â-TrCP ) 100 (2 mM 23P-ATF4 peptide, 0.02 mM MBP-â-TrCP protein) and 50 mM sodium phosphate
buffer; H2O:2H2O, 95:5 (by volume). The chemical shifts observed are the averages of those of the bound peptide and the peptide excess.

Table 3: 13C NMR Chemical Shifts Assignmentsa

residues 13C′ 13CR 13Câ other

CH3CO (CH3CO) 176.9 21.4
1 Ile (I208) 176.6 58.4 35.8 Cγ 24.4; Cδ 14.5
2 Lys (K209) 176.3 53.1 30.2 Cγ 21.6; Cδ 26.1;

Cε 39.2
3 Glu (E210) 176.2 54.0 27.3 Cγ 33.3
4 Glu (E211) 176.7 53.6 27.3 Cγ 33.2
5 Asp (D212) 175.9 51.6 38.2
6 Thr (T213) 176.1 57.0 66.8 Cγ 18.5
7 Pro (P214) b 61.2 29.2 Cγ 24.6; Cδ 60.9
8 Ser (S215) 175.7 55.3 61.2
9 Asp (D216) 174.1 51.5 38.2

10 Asn (N217) 175.6 50.3 36.3 Cγ 177.0
11 Asp (D218) 174.7 51.5 38.3
12 pSer (S219) 176.1 55.4 61.9
13 Gly (G220) 174.9 42.6
14 Ile (I221) 173.8 58.2 35.8 Cγ 24.4; Cδ 14.6
15 Cys (C222) 176.1 55.7 24.8
16 Met (M223) 176.3 56.9 30.3 Cγ 29.0
17 pSer (S224) 174.9 53.2 62.7
18 Pro (P225) b 60.4 29.4 Cγ 24.5; Cδ 61.1
19 Glu (E226) 177.4 54.5 27.4 Cγ 33.5
20 Ser (S227) 175.5 56.1 61.1
21 Tyr (Y228) 174.4 55.5 35.6 Cδ 130.4; Cε 115.4
22 Leu (L229) 175.9 52.5 39.0 Cγ 23.7; Cδ 22.1
23 Gly (G230) 177.3 42.1

CONH2 (CONH2) 176.6
a 13C NMR chemical shifts of the mixture of 2 mM 23P-ATF4

peptide and 0.02 mM MBP-â-TrCP protein in ppm from TSP-d4.
Spectra were recorded at 280 K, pH 7.2, 23P-ATF4/â-TrCP) 100 (2
mM 23P-ATF4 peptide, 0.02 mM MBP-â-TrCP protein) and 50 mM
sodium phosphate buffer; H2O:2H2O, 95:5 (by volume). The chemical
shifts observed are the averages of those of the bound peptide and the
peptide excess.b Not determined.
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weak rectangular PFG is applied during the entire length of
the mixing time. A short gradient recovery time of 1 ms is
applied at the end of the mixing time before the detection
pulse. The water suppression in both experiments was
achieved with the excitation sculpting sequence (32). The
two water selective 180° square pulses and the four PFGs
of the scheme were 2.7 ms. The data were collected with a
sweep width of 6009.62 Hz, an acquisition time of 1.363 s,
and a relaxation delay of 0.5 s. Prior to Fourier transformation
the data were multiplied with an exponential function with
a line broadening of 1 Hz.

1.3.3. STD Binding Competition Experiment.A competi-
tion STD-NMR experiment allows the detection of the higher
affinity ligand indirectly by monitoring the STD signals of
â-catenin ligand in the ATF4-â-catenin mixture onâ-TrCP
protein (28). The STD experiments can be used in a
qualitative way to detect if the known X-ray ligand (â-
catenin) is displaced in the presence of other NMR substrates
thus, regarded as inhibitors. This is demonstrated with 1D
STD-NMR spectra of a mixture composed of theâ-catenin-
â-TrCP complex in the absence and in the presence of the
23P-ATF4 peptide (100:0, 70:30, 50:50 and 30:70, respec-
tively).

1.4. Three-Dimensional Structure Calculation.The cal-
culated distances were incorporated into ARIA 1.2 simulated
annealing protocol running within the program CNS (42, 43)
for molecular dynamics calculations using the PARALLHDG
5.3 force field. During the calculations, non-glycine residues
were restrained to negativeφ values (usually the only range
considered in NMR-derived structures) (44). ARIA enabled
the incorporation of ambiguous distance restraints and
calibration of the NOE restraints using automated matrix
analysis as implemented by the program (45). ARIA runs
were performed using the default parameters with eight
iterations. In the final iteration, a set of lowest-energy
structures was retained as the final structures. The set of
peptide structures was selected for correct geometry and no
distance restraint violations of>0.5 Å. Analysis of the
structures was performed within AQUA, PROCHECK-NMR
(46) programs. MOLMOL (47) and LITHIUM 2.1 (Tripos)
were used for the analysis and presentation of the results of
the structure determination. Finally, 10 structures were
chosen to represent the conformation of the peptide that is
consistent with NMR data. An average structure was taken
as a representative structure.

1.5. Docking of the NMR Structure.We studied the
docking of 23P-ATF4 ligand molecule intoâ-TrCP protein
binding site. Surflex-Dock 2.0 (SYBYL 7.3) docks flexible
ligands into a rigid receptor (48). Surflex-Dock docking
program uses an empirical scoring function to dock ATF4
active ligand intoâ-TrCP protein binding site determined
by X-ray crystallography (17). In the first docking stage, we
validated the docking process, starting from structure initially
derived from the complexâ-TrCP protein bound to a ligand
â-catenin peptide, a cocrystallized molecule (PDB ID code
1P22). The protein structure consists of the three-dimensional
structure of the humanâ-TrCP-Skp1 complex. To examine
the possible mechanism of action of the ATF4 ligand on the
â-TrCP receptor, we replacedâ-catenin by ATF4 NMR
conformations in theâ-TrCP binding site. The peptide was
taken in its putative (NMR) binding conformations, and was
superimposed toâ-catenin in the X-ray model.

Docking is guided by the protomol an idealized represen-
tation of the intended binding site in which putative ligands
make every potential interaction (electrostatic, hydrophobic,
hydrogen bonds...). The protomol can be defined from on a
known active site, here, the seven WD repeats ofâ-TrCP:
residues 253-547. The ligand is extracted into a separate
molecule area. Consisting of molecular probes (CH4, CdO,
N-H), the protomol is a representation of the receptor
binding cavity to which putative ligands are aligned. Two
parameters determine the extent of the protomol: (i)
Threshold value is a factor determining how much the
protomol can be buried in the protein and increasing this
number will decrease the volume. (ii) Bloat value can be
used to inflate the protomol and include nearby crevices.
The threshold and bloat values were optimized to 0.3 and 1,
respectively. The specified ligand includes hydrogen atoms
and is provided in NMR conformation to evaluate the
experimental interaction between the ligand and the receptor.
After completion of an interactive docking run, the docked
ligand appears and Surflex-Dock produced 30 conformations
of the ligand into the active site. They are listed in descending
order of score values expressed as-log(Kd). The conforma-
tion with the highest score is displayed. The scoring function
includes the following terms: hydrophobic, polar, repulsive,
entropic and solvation to represent binding affinities. The
docked ligand was compared to the experimental NMR
structures. The ATF4 ligand was docked successfully.

2. RESULTS
2.1. NMR Resonance Assignments.1H chemical shifts and

resonance assignments were established using two-dimen-
sional1H, 1H TOCSY, NOESY, and ROESY experiments.
The13CR signals were assigned using13C-edited HSQC (38)
and HMBC (39) experiments on a13C natural abundance
sample. Chemical shifts at 280 K and at pH 7.2 were reported
in Table 2 (1H) and Table 3 (13C) for the 23P-ATF4 peptide
in the presence of the MBP-â-TrCP protein. Sequential
assignments of1H resonances were based on characteristic
sequential NOE connectivities observed between theR-pro-
ton of residuei and the amide proton of residuei + 1, i.e.,
dRN(i, i + 1), in both NOESY and ROESY data sets. The
ambiguities in the assignment were resolved using sequential
CRH-NH(i, i + 1) connectivities in the NOESY spectrum.
A NOE cross-peak was observed between the CRH of Ser224

and CδH of Pro225 and similarly, between the CRH of Thr213

and CδH of Pro214 suggesting the X-Pro bond to be mainly
trans (49). The NMR spectra of the peptides revealed that
the peptides exist in two isoforms due tocis-trans isomer-
ization about the Ser224-Pro225 amide bond. A NOE between
Ser224 HR and Pro225 HR, characteristic ofcis-proline, was
apparent and confirmed the presence of acis/trans isomer
mixture. The ratio oftrans to cis isomer was estimated to
be 7:3, based on the differential signal intensity of the
resolved indole NH resonance of each isomer in the one-
dimensional1H spectrum. Nocis-trans isomerization was
detected across the Thr213-Pro214 amide bond, but this does
not exclude the possibility that a small amount of the peptide,
too small to be detected by NMR, exhibits thecis configu-
ration.

Thus, the NMR data reveal that the major species of
peptide 23P-ATF4 is thetrans isomer.

2.2. Determination ofâ-TrCP-Peptide Equilibrium Con-
stants Kd. The dissociation constant was measured by NMR
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for the interaction of the phosphorylated 23P-ATF4 peptide
to the MBP-â-TrCP protein. WaterLOGSY represents a
powerful method for primary NMR screening in the iden-
tification of compounds interacting with macromolecules.
Several relay pathways are used in the experiment for
transferring bulk water magnetization to the ligand. The
method is particularly useful for the evaluation of the
dissociation binding constant (28). Titration WaterLOGSY
can be recorded to extract, after proper correction, the
evaluation of theKd. The WaterLOGSY signals for the ligand
in the presence of the protein can then be corrected by
subtracting the value of the ligand signals recorded in the
absence of the protein. The resulting corrected data are now
lying on a dose response curve (Figure S1 of Supporting
Information) and, assuming a simple binding mechanism,
the data can be fitted to the equation

whereImax is the maximum WaterLOGSY signal andL the
free ligand concentration. The dissociation binding constant
Kd measured with eq 1 is characteristic of fast exchange
condition, 23P-ATF4,Kd ) 500 µM, 32P-â-catenin,Kd )
1000 µM, 22P-Vpu,Kd ) 200 µM, 24P-IκBR, Kd ) 400
µM, at 280 K. This range of binding affinity made the peptide
likely to be suitable for TRNOESY NMR experiments, which
require fast exchange between the free and bound states.

2.3. Interaction of 23P-ATF4 withâ-TrCP.To investigate
the interaction of the 23P-ATF4 peptide, withâ-TrCP, we
performed STD (23-25, 50, 51) and TRNOE (21, 22) NMR
experiments.

The STD-NMR technique is a method of epitope mapping
by NMR spectroscopy. During the experiment, resonances
of the protein are selectively saturated, intramolecular NOEs
develop within the protein and, in addition, they give rise to
intermolecular NOE effects in a binding ligand. These
negative NOE effects may be observed as enhancements in
the difference (STD-NMR) spectrum resulting from subtrac-
tion of this spectrum from a reference spectrum in which
the protein is not saturated (Figure 3). Enhancements are
observed for the resonance of protons in close contact with
the protein, and this allows direct observation of areas of
the ligand that comprise the epitope (23-25, 50, 51). The
individual signal protons of the 23P-ATF4 peptide are
analyzed from the intensity values in the reference (I0) and
STD spectra (ISTD ) I0 - Isat). The spectral region corre-
sponding to the amino protons is well resolved and can be
used to classify the amino acid residues relevant for
interaction with the protein (Figure 3B). Figures 3A,B shows
in black the 1D STD-NMR spectrum of the alkyl and the
amide protons, respectively, andin reda normal1H-spectrum
of the complex of 23P-ATF4 with the protein. The signal
obtained with the largestISTD/I0 value, thepSer219 H-N
proton, was normalized to 100% (Figure 3C). The relative
degree of saturation for the individual protons, normalized
to that ofpSer219, can be used to compare the STD effect
(24). The STD-NMR spectra show clearly that H-N
resonances of the218DpSGICMpS224 motif and theGlu226

residue have STD intensities between 70 and 100% (Figure
3C). Obviously, these residues have more and tighter contacts

with the protein surface. In addition, enhancements (50-
70%) of the amide resonances of Lys209-Asp212 and Ser215-
Asn217 were apparent, indicating that these residues are
involved in the epitope. The lowest intensities (<50%) are
found for both end-residues, the N-terminal (Ile208) and the
C-terminal (Gly230) groups, along with Thr213 and Tyr228

residues. Thus, a clear distinction between protons with a
strong contact to the protein and the others can be made.
No enhancements of resonances of the minorcis isomer were
observed.

For reference, the STD-NMR spectrum was recorded with
a sample containing the nonphosphorylated 23-ATF4 peptide
in the presence of the MBP-â-TrCP protein. This provided
a negative control (Figure S2D of Supporting Information).
In this case, the STD spectrum does not contain ligand
signals. No effects can be observed as enhancements of the
signals of protons, because of the absence of contact between
23-ATF4 and theâ-TrCP protein. Thus, saturation transfer
does not occur without the Asp-pSer-Gly-XXX-pSer motif.
This showed that the large number of the enhancements
observed for the 23P-ATF4 peptide in the presence of the
MBP-â-TrCP protein (Figure S2A) was caused by the areas
of the ligand actually in contact with theâ-TrCP binding
site. Another STD-NMR experiment of control was per-
formed with phosphorylated 23P-ATF4 peptide and MBP
fusion protein, lacking the seven WD domain ofâ-TrCP
protein. The control samples were prepared under conditions
similar to those used for the 23P-ATF4/MBP-â-TrCP sample.
The resulting one-dimensional spectrum contained no signals
(Figure S2B), demonstrating the specificity of the interaction
observed between 23P-ATF4 and the MBP-â-TrCP fusion
protein (Figure S2A). Another experimental way to distin-
guish here between specific effects of binding peptide to its
target and nonspecific interactions between ligand and
macromolecular complex was to use in control experiments,
the ligand alone (Figure S2C). In that case, STD spectra
using an on-resonance of-1 ppm did not contain ligand
signals, showing that saturation transfer via the protein was
the sole reason for the effects observed using samples with
the ligand molecules in the presence of MBP-â-TrCP (Figure
S2A).

The combination of STD-NMR epitope mapping data with
knowledge of the bound conformation of ligands, which may
be obtained by TRNOESY experiments, is a powerful
method to build up models of protein-ligand interaction
(52-54). Therefore, TRNOESY experiments (21, 22) were
used to investigate the bound conformation of the peptide.
The optimal conditions for the TRNOESY measurements
were determined by considering a peptide:â-TrCP molar ratio
of 100 with mixing times (τm) of 50, 100, 150, 300 and 500
ms. After a NOE buildup analysis (Figure 4A) (55), a mixing
time of 150 ms was used for the peptide in the presence of
â-TrCP. At the 150 ms mixing time there is no spin diffusion
in the TRNOESY. The free peptide showed very poor
NOESY spectra at this mixing time, only sequential NOEs;
the inter-residue NOEs could be observed at mixing times
higher that 150 ms, when we increased the mixing time to
500 ms. To regard the spin-diffusion effect, we conducted a
TRROESY with the mixing time of 100 ms for direct
comparison with TRNOESY at 150 ms, so as to check the
validity of the observed TRNOEs. Inter-residue1H-1H
distances deduced from ROE and NOE volumes are in

I )
-Imax

1 + L
KD

+ Imax (1)

Binding of ATF4-Phosphorylated Peptide byâ-TrCP Biochemistry, Vol. 47, No. 1, 200819



agreement. The 2D ROESY spectra were recorded with a
mixing time of 100 ms and 64 scans for each of the 512t1
increments using a spin-lock field of γB1 ) 1190 Hz at 5.0

ppm. It is usually assumed that TRROESY can be interpreted
on the assumption that, at least for short mixing times, spin-
diffusion effects can be ignored. Nevertheless, the use of

FIGURE 3: (A) Expansion of the region containing resonances of the alkyl protons of the 23P-ATF4 peptide in association with theâ-TrCP
protein and (B) expansion of the region containing resonances of the amide protons of the 23P-ATF4 peptide in association with the
â-TrCP protein. Reference 1D1H spectrum (in red) and 1D1H STD-NMR spectrum (in black), showing enhancements of resonances of
protons making close contacts with protein interaction site. STD spectra were recorded with selective saturation of protein resonances with
on-resonanceirradiation at-1 and 11 ppm andoff-resonanceirradiation at 30 ppm for reference spectra (a series of 40 Gaussian shaped
pulses were used, for a total saturation time of 2.04 s). STD values are obtained after peak picking intensities compared to the 1D with the
exact values of chemical shifts of the HN (in bold, amino acids with intense relative STD, and in italic, amino acids with weak relative
STD). The signal at 7.8 ppm is low in intensity: the side chain of the residue Asn217 has a weak contact to the protein surface. (C)
Relative STD intensities for 23P-ATF4 peptide. The integral value of the largest signal of the 23P-ATF4 peptide, thepSer219 HN proton,
was set to 100%. The relative degree of saturation for the individual protons normalized to that of thepSer219 can be used to compare the
STD effect (24). The relative intensities have been classified arbitrarily in three categories (dashed lines).
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TRROESY to test spin diffusion can be limited, and when
it was possible, a good approach to exploit nuclear Over-
hauser effects to determine internuclear distances between
pairs of protons, without perturbation of spin-diffusion effects
should be the QUIET-TRNOESY NMR experiment (56).
The TRNOEs observed for the 23P-ATF4 peptide are
summarized in Figure 4B. The turnlike structure was well-
defined particularly in the region of Ser215 to pSer224, where
a loop (Ileu221-Tyr228) consecutive to a first turn (Ser215-
Ile221) was apparent (Figure 5). Inter-residue contacts (Table
S1 and Figure S3 of Supporting Information) such asdNN-
(i, i + 2), dRN(i, i + 2) anddRâ(i, i + 2) between Asp216

and Asp218, dNN(i, i + 2) between Gly220 and Cys222, dNN-
(i, i + 3) between Asn217 and Gly220, and dRN(i, i + 3)
between Asp216 and pSer219, helped to define the first turn
part (Ser215-Ile221) of the large bend. Strong contact (i, i +
1), dRN from Cys222 to Leu229, dâN from Met223 to Ser227,
dRâ between Glu226 and Ser227 and other inter-residue
contacts such as (i, i + 2), dâN between Glu226 and Tyr228

anddRâ between pSer224 and Glu226, characterized the second
part (Ileu221-Tyr228) of this hairpin loop structure (Figure
5B).

TRNOE experiments led to 316 distant restraints (Table
4) incorporated for structure calculation. The structural
statistics for the ten lowest energy structures (Figure 5A),
generated by ARIA in the final iteration, are shown in Table
4. The average root-mean-square difference (rmsd) for
superimposition of the 10 bound structures with lowest NOE
restraint energy (Figure 5A), with the lowest energy structure
as a template (Figure 5B), was 1.9( 0.6 Å for the backbone
atoms (N, CR, C′, O), but for the 219-224 region, this value
decreased to 0.5( 0.2 Å (Table 4). This is confirmed by
the plot of the rmsd of the backbone dihedralφ andψ angles
values for the family of the 10 structures of the 23P-ATF4
bound peptide (Figure S4 of Supporting Information). The
graphic highlights the well-ordered part of the peptide (210-
227). Interestingly, it corresponds to the residues that were
shown to be the most involved in the binding surface as
evidenced in the STD-NMR experiments (Figure 5C). The
calculated structures (Figure 5 and Table 4) comprise a large
bend with two opposite loops, Ser215-Ile221 and Ile221-Ser227,
respectively. In the calculated conformation, an intramo-
lecular pSer219 O′-Ile221 HN hydrogen bond was present.
This structure would expose the Ileu221 in the center and the
two phosphorylated Ser (pSer219 and pSer224) side chains
implemented in the bend (Ser215-Ser227) for interactions with
theâ-TrCP protein (Figure 5C), a hypothesis consistent with
the STD-NMR data (Figure 5C).

2.4. Docking of ATF4 Peptide.As described in Materials
and Methods, ligand flexibility was treated by pregenerating
the 23P-ATF4 bound peptide with the ARIA software and
then docking the bound ligand conformer into the protein
target as a rigid molecule. The energy scores of the
conformers were then merged for the ligand. The conformer
with the highest score represented the docked ligand.
Redocking 11P-â-catenin (Figures 6A,B) into its cocrystal-
lized protein structure (â-TrCP) referred to as native docking
was successful (dock score 5.1 and rmsd) 2.37 Å). This
docking (Figure 6E) will serve as a validation of the docking
algorithm and the scoring function used in ATF4 study.
Figure 6F shows that single docking correctly identified the
near-native binding mode when the 11P-â-catenin ligand was
redocked to its cocrystallizedâ-TrCP protein structure. For
comparison, Figures 6C and 6D display the binding mode
of 11P-â-catenin observed in the crystal structure. The
phosphoserine, aspartic acid, and hydrophobic residues of
the motif are recognized directly by contacts fromâ-TrCP
(Figure 6D). The best-scored conformation will be useful
for further analysis.

Different ligands induce different binding mode prediction.
Figure 7A shows the result ofâ-TrCP-receptor docking
against the NMR minimized structure of the bound 23P-
ATF4 peptide. The 23P-ATF4 ligand,Via the bound NMR
energy-minimized structure, was cross-docked into the
â-TrCP crystal structure originally bound with another ligand
(11P-â-catenin). The 23P-ATF4 ligand structures were
superimposed by matching 15 backbone atoms in the binding
site (the DpSGIC fragment). Figure 7 shows the best-scored
conformation of the ATF4 ligand after different docking runs.
The conformer with the highest score (dock score 5.1)
represented the docked ligand, and the docking accuracy was
evaluated in terms of the rmsd between the docking model
and the experimentally NMR bound structure (rmsd) 3.7
Å). Table S2 lists the database rmsd fitting of the ten

FIGURE 4: (A) NOE build-up rates of 23P-ATF4 peptide with or
withoutâ-TrCP protein vs mixing time (ms). The ligand toâ-TrCP
protein ratio is 100:1. The curves represent the intra-residue
connectivity HN/HR of pSer224. (B) Sequentiald(i, i + 1), and
medium ranged(i, i + 2), and d(i, i + 3) 1H-1H TRNOE
connectivities in the 23P-ATF4 peptide (sequence at the top) in
the presence of theâ-TrCP protein at 280 K and pH 7.2. The
thickness of the lines reflects the relative intensities of the NOEs
within the individual plots.
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conformers with the highest score. They represented en-
semble docking of the NMR structure.

As shown in Figure 7B docking using the NMR structure
identified the binding mode of the ligand. The NMR 23P-
ATF4 bound structure docks near amino acids known to be
in the interaction site (â-catenin-â-TrCP complex) on the
surface of theâ-TrCP protein. Interestingly, the docking
results highlight the binding of the DpSGIXXpSXE motif
(Figure 7C) shown to play a significant role in the stabiliza-
tion of the complex, particularly thepSer219, pSer224, Ile221

and theGlu226 residues. On the other hand, the STD results
(Figure 3C) show strong enhancements, ranging from 70%

to 100%, for amide protons of similar218DpSGICMpSXE226

motif, indicating that these residues are also involved in the
epitope binding (Figure 7C).

The contacts between ATF4 andâ-TrCP involve es-
sentially the first strand that lines the central channel (Figure
6A). The ATF4 with acidic residues docks near amino acids
known to be in the interaction site (Tyr271, Arg285, Ser309,
Ser325, Arg410, Arg431, Gly432 and Ser448) on the top face of
the WD domain of the proteinâ-TrCP. They are essentially
attached through hydrogen bonds. (Figure 7B).

2.5. STD ATF4/â-Cateninâ-TrCP Binding Competition
Experiment.The ability to detect the higher-affinity ligand

FIGURE 5: TRNOE derived structure of the bound 23P-ATF4 peptide. (A) 10 structures were generated with ARIA, and the structures are
displayed bound toâ-TrCP. Superimposition from residue 215 to residue 230. (B) A representative structure of 23P-ATF4 bound toâ-TrCP.
(C) Amide protons with the strongest STD amplification factor are displayed as colored spheres: green for the strongest, Ileu221, pSer219

andpSer224; light green for Asp218, Gly220, Cys222, Met223 and Glu226. The motif forms a large bend with two opposite loops. This structure
exposes the Ileu221 in the center and the two phosphorylatedpSer219, pSer224 and Glu226 side chains implemented in the bend for interactions
with the â-TrCP protein.
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by the competition STD-NMR method was applied using
STD signals resulting from 23P-ATF4, and 32P-â-catenin
when a mixture of different concentrations of these peptides
were mixed in the presence of theâ-TrCP protein. This
experiment was made possible because the STD signals
obtained upon binding ATF4 andâ-catenin toâ-TrCP are
clearly different, which allows the simultaneous detection
of these signals when both peptides are mixed. As shown in
Figure 8, a significant reduction and disappearance of the
STD signals of theâ-catenin ligand in the presence of
increasing amount of the ATF4 peptide proved the ability
of the higher affinity ATF4 ligand to successfully compete
with the lower affinityâ-catenin ligand for the same binding
site onâ-TrCP. The weakâ-catenin ligand (KD ≈ 1000µM)
at a concentration of 0.4 mM in the presence of 0.02 mM
â-TrCP shows STD signals of the amide protons, essentially
of the first phosphorylated serine,pSer33, and the aromatic
protons NεH of Trp25 (Figure 8A). 32P-â-catenin was
selected as the STD indicator. Figures 8B-D display the
1D STD-NMR spectra of a mixture composed of 32P-â-
catenin and 23P-ATF4 70:30, 50:50 and 30:70, respectively,
with â-TrCP. A substantial reduction in the STD signal
intensities of 32P-â-cateninpSer33 and Trp25 was observed,
which indicated the presence of an active ligand in the
mixture. At the first addition of ATF4 (70:30), thepSer219,
pSer224 signals appeared at 9.05 and 8.90 ppm, identifying
23P-ATF4 as a ligand (Figure 8B).

Figure 8 illustrates the reduction of the STD signal of the
STD indicator (32P-â-catenin) according to the concentration
of the competitor (23P-ATF4). As shown in Figure 8, the
signal corresponding to the first serinepSer33 and Trp25 (â-
catenin) decreased in the presence of increasing concentration
of ATF4. Proton signal at 9.42 ppm corresponding to the
second one,pSer37, strongly decreased and disappeared
completely in the STD spectra, indicating that this residue
is not involved any more in the interaction. This is in
agreement with the stronger binding signal given by the first

pSer residue compared to the second upon binding for all
substrates toâ-TrCP. Adding of the same amount (0.4 mM)
of 23P-ATF4 (50:50) inhibits the binding of 32P-â-catenin,
and compared to the STD effect of 32P-â-catenin before
ATF4 was added, the signal of the protonspSer33 NH
decreased by 20%, approximately (Figure 8C). For instance,
to achieve a 50% STD signal reduction of 32P-â-catenin, a
concentration of 1 mM (30:70) is required for 23P-ATF4
(Figure 8D). NMR spectra gave strong STD effects of the
23P-ATF4 (0.2 mM) binding peptide which was present in
the solution at 100-fold excess to theâ-TrCP protein (0.02
mM). At this excess, the protein is occupied by the stronger
ligand (23P-ATF4), and as a consequence 32P-â-catenin
signals do not show up in the STD spectrum due to a loss in
intensity.

The competition STD-NMR method led to specific ATF4
binding to â-TrCP, to competition withâ-catenin and to
identification of inhibitor ofâ-catenin-â-TrCP interaction.
Finally, the dissociation constant of 23P-ATF4 was estimated
to be 500µM, which agrees well with the value evaluated
by WaterLOGSY (28).

3. DISCUSSION

Deletion experiments allowed the mapping of the interact-
ing domains between the twoâ-TrCP and ATF4 proteins,
respectively, on the seven WD40 repeats at the C terminus
of â-TrCP and between residues 87 to 279 of ATF4 (16).
The seven WD40 repeats (W1-W7) form a toruslike
structure (namedâ-propeller) that is characteristic of the
â-TrCP, which presents a narrow channel running through
the middle of the toruslike structure (Figure 6A).

3.1. Comparison of the Docked Peptide Structure to the
NMR Structure.The ATF4 conserved structures from NMR
and docking share a common structural organization with a
central bend including the two turn regions involved in
interaction of the peptide ligand (Figure 9). The NMR bound
conformer is required to preposition favorably the peptide.
The comparison between Figure 9A and Figure 9B shows
that the NMR conformer correctly reflects this ligand-induced
fit effect. The binding motif forms an S-turn structure in
ATF4, from NMR (Figure 9A) and docking (Figure 9B),
whereas the shorter motif adopts an extended conformation
in â-catenin (Figure 9C).

It was interesting to observe the structural similarities of
the docked fragment and the corresponding NMR bound
conformation. In the two structures, the binding motif was
represented by a similar large bend NDpSGIXXpSXE
(interatomic distance between the two carbonyl atoms,
Asn217CO-Glu226CO 18.5 Å in the docked structure; 18.2
Å in the bound structure). The bend was characterized by
Ile221 in the center of a first turn in the NDpS region, and a
second turn due topSXE residues. Each of both loops was
characterized by similar interatomic distance: Ile221Câ-
pSer219P (9.5 Å in the docked structure; 8.5 Å in the NMR
bound structure) for the first loop, and Ile221Câ-pSer224P
(13.3 Å in the docked structure; 14.0 Å in the bound
structure) for the second one. The resemblance of the two
structures was also found in an equivalent measurement of
the extreme distances from the two loops: Asn217CO-
Ileu221Câ (12.1 Å in the docked structure; 12.7 Å in the
bound structure), and Ileu221Câ-Glu226CO (10.3 Å in the
docked structure; 10.2 Å in the bound structure).

Table 4: Structural Statistics of the Final 20 NMR Structures of the
23P-ATF4 Bound to theâ-TrCP Protein

no. of exptl distance restraints
unambiguous NOE 224
ambiguous NOE 92
total NOEs 316

divided into
intraresidue NOE 150
sequential NOE 113
medium range NOE 40
long-range NOE 13

no. of exptl broad dihedral restraints 20
NOE violations>0.3 Å per structure 0.4
rmsda (Å) to a mean molecule

backbone (all residues) 1.9( 0.6
heavy atoms (all residues) 2.7( 0.7
backbone (residues 215-230) 1.7( 0.6
heavy atoms (residues 215-230) 2.5( 0.6
backbone (residues 207-219) 1.3( 0.6
heavy atoms (residues 207-219) 2.2( 0.6
backbone (residues 219-224) 0.5( 0.2
heavy atoms (residues 219-224) 1.5( 0.4

Ramachandran plot of residuesb (%)
in most favored regions 38.9
in additional allowed regions 55.6
in generously allowed regions 5.6
in disallowed regions 0.0

a Calculated by MOLMOL.b Calculated by PROCHECK.
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FIGURE 6: According to the crystal structure (17) of the humanâ-TrCP-Skp1 complex bound to aâ-catenin peptide: (A) The phosphorylated
â-catenin peptide binds to the top of the WD40 domain ofâ-TrCP, and it partially dips into the central channel. The seven blades of the
WD40 domain are numbered from 1 to 7, and the strands within each blade are conventionally named A to D. (B) The diphosphorylated
â-catenin YLDpSGIHpSGAT motif where both phosphate groups ofpSer are shown, and point out of the structure bound to theâ-TrCP
protein. (C) Surface representation of the top face of theâ-TrCP WD40 domain with the boundâ-catenin peptide. (D) Close-up view of
the interface between theâ-TrCP WD40 domain and the doubly phosphorylated peptide ligand. (E and F) Results of docking studies
starting with the crystal structure of theâ-TrCP-Skp1 and theâ-catenin peptide: (E) Theâ-TrCP is shown in surface representation. The
â-catenin in stick format docks near the same amino acids in the interaction site on the surface than in the crystal structure. (F) Close-up
view of the interface between theâ-TrCP WD40 domain and the doubly phosphorylated peptide ligand, after docking. Theâ-catenin
peptide binds to the top face of theâ-TrCP WD40 domain. Asp32 makes contact with Tyr488 (W6); pSer33 with Tyr271 (W1), Arg285 (W1),
Ser309 (W2) and Ser325 (W2); and pSer37 with Arg431 (W4-5), Gly432 (W5) and Ser448 (W5) of â-TrCP. Hydrogen bonds are represented
by yellow dotted lines. Ile35 makes van der Waals contacts in the central channel.
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However, the motif region of the ATF4 peptide is modified
upon docking, essentially the orientation of phosphorylated
side chains (Figure 9), in order to accommodate ATF4
structure. The distance was measured between the phospho-
rus atoms of the two serines (Figure 9A), in the docked
structure with an opposite orientation (17.8 Å) and in the
NMR bound structure with a parallel orientation (11.1 Å).
Because the distance between the two phosphate groups
cannot be measured by NMR, this distant restraint was not
incorporated for structure calculation. It can result in an
incorrect orientation in the NMR bound structure, which is
seen for the first phosphorylatedpSer219 side chain (Figure
9A).

The STD-NMR results are also consistent with the
conformational epitope obtained by docking (Figure 7C). The
STD-NMR and the docking studies of the 23P-ATF4 in the
presence ofâ-TrCP showed that nearly all the NH of the
DpSGXXXpSmotif interact strongly with the corresponding
amino acids inside the site. In addition, the side chain of the
Glu226 residues is recognized. The charged phosphate groups
are likely required, as several additional proton resonances
giving rise to enhancements in the STD-NMR spectrum. The
epitope comprises a surface extending over the E210-N217

residues of 23P-ATF4, with contributions being made by side
chain residues and by backbone residues. Ile221 whose
hydrophobic nature is conserved in the peptide fragment
could reflect its particular role in the DpSGICMpS motif
with its central position. STD-NMR data allowed determining
which residues in addition to the DpSGXXXpS â-TrCP
recognition motif in ATF4 are important for interaction, such
as the negatively charged ATF4 side chains DpSGIXXpSXE,
particularly thepSer219, pSer224 and theGlu226 residues. The
fact that one Glu and one Asp were close to thepSer
enhanced the negative potential generated by the phospho-
rylated Ser. This negative pole around the phosphate groups
of the Ser reinforces the ATF4 binding to theâ-TrCP protein.
Indeed, a fragment composed of long negatively charged
residues (pSeror Glu) and short Asp in close proximity was
mainly indicated to interact with theâ-TrCP protein. In the
same way, a closely related, repeated sequence EEGFGSSpS
(D/E and pS/E change) in human somatic Wee1 (57),
important for its recognition and ubiquitination-dependent
degradation byâ-TrCP, may mimic the common binding
motif, although one residue,pSer, is replaced by a Glu
residue, and in EEGXXXXpS the residue,pSer, is located
two residues downstream of DpSGXXpS.

Consequently docking againstâ-TrCP resulted in good
predictions of the binding mode of ATF4. The derived
structure-activity relationships by NMR together with the
docking on the binding epitope may help to guide structure-
assisted lead optimization in drug discovery. The binding
motif is well conserved in ATF4 ligand identified to compete
with another ligand to interact with the same WD repeat
domain ofâ-TrCP, through an analogous phosphorylation
motif.

3.2. Competition between Substrates for Binding toâ-TrCP
ReVealed by STD-NMR on the Mixture of ATF4 and
â-Catenin Peptides.The target-observed NMR titration
method which combines STD-NMR with competition bind-
ing experiments useful under fast exchange conditions and
for relatively weakly binding ligands allows the detection
of the weak active site ligand, i.e.,â-catenin, compared to

FIGURE 7: Results of docking studies starting with the NMR ATF4
bound structure. (A) Theâ-TrCP is shown in surface representation.
After docking, ATF4 in ribbon format with acidic residues that
are highlighted and labeled was found close to amino acids known
to be in the interaction site on the surface. (B) Close-up view of
the interface between theâ-TrCP WD40 domain and the doubly
phosphorylated peptide ligand: two interaction sites, Tyr271, Arg285,
Ser309, Ser325 and Arg410, Arg431, Gly432, Ser448, respectively are
highlighted on the surface of the proteinâ-TrCP. 23P-ATF4 is in
stick format in the interaction sites on the surface, with hydrogen
bonds (in yellow dotted lines) between Asn217 and Tyr271 (W1),
Asp218 and Arg285 (W1) and the firstpSer219 residue with Arg285

(W1), Ser309 (W2) and Ser325 (W2), and the secondpSer224 with
Arg431 (W4-5). Interestingly, the Glu226 residues have the same
interaction with Arg431 (W4-5), Gly432 (W5) and Ser448 (W5) as
the secondpSer of â-catenin. Ile221 with a position central in the
DpSGICMpS motif could reflect its particular role as in the study
of the interaction ofâ-catenin withâ-TrCP: Ile221 is able to make
hydrophobic interactions with a hydrophobic pocket in theâ-TrCP
channel. These contacts could participate to increasing indirectly
the affinity of the binding region. (C) Possible binding mode for
23P-ATF4 on theâ-TrCP. The ATF4 structure after docking is
shown in stick format with the side chains. Consistent with the net
positive charge of the WD40 domain, interactions of ATF4 with
â-TrCP are primarily made through its phosphate tails,pSer219,
pSer224, and the negatively chargedGlu226 side-chain, withâ-TrCP
Arg, Tyr and Ser residues, in addition to hydrophobic interaction
between the Ile221 and theâ-TrCP central channel. STD results have
been added to the docked structure: the amide protons with the
strongest STD amplification factor are displayed as colored
spheres: green for the strongest, Ileu221, pSer219 andpSer224; light
green for Asp218, Gly220, Cys222, Met223 and Glu226.
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the higher-affinity ligand, i.e., ATF4 (Figure 8). The ability
to determine the binding affinity of inhibitors by the
competition STD-NMR method leads to a rapid rank ordering
of potential inhibitors that involves the evaluation of large
numbers of analogues.

A great number of substrates ofâ-TrCP have been
identified up to now. All share similar although not identical
phosphorylation destruction motif compared to the canonical
DSGXXS motif identified in the first known substrates of
â-TrCP. All bind to the seven WD substrate binding domain
of â-TrCP only if they are phosphorylated on the serine
residues of this motif, with a more important role devoted
to the first Ser residue. Thus a crucial question to understand
the mechanism of action ofâ-TrCP and the importance of
its functions in regulating numerous cellular pathways will
be to determine whether and how all these substrates are
able to compete between each other for binding to the same
domain ofâ-TrCP. Understanding this will help considerably
to modulate the activity ofâ-TrCP for therapeutic purposes
against cancer and inflammation processes for example,
while avoiding undesirable side effects due to other sub-
strates. Toward this goal, we were able to analyze by STD-
competition experiment the behavior of two different sub-
strates with respect toâ-TrCP when both simultaneously
were present with the receptor E3 ligase protein. Thus, we
could demonstrate for the first time that ATF4 was success-
fully competing withâ-catenin for binding toâ-TrCP. Hence,
such STD-competition approach will pave the way to
experimental design for modulating specifically a particular

substrate ofâ-TrCP while avoiding to inhibit another
nontargeted substrate.

3.3. Binding Comparison between the Two Competitors.
We determined low energy docking sites forâ-TrCP on
stabilized structure of bothâ-catenin and ATF4 for a better
understanding of the competition results. After the docking
(Figure 7), the ATF4 peptide binds to the top face of the
â-propeller, as in the X-ray complex (Figure 6A). We can
generally assign three main common parts of the ATF4
peptide in contact with threeâ-TrCP binding pockets. The
use of three regions of the WD domain for binding is similar
to what has been observed in the binding ofâ-catenin, but
with some differences.

In the first binding pocket, we found only the first
phosphoserine of theâ-catenin peptide in the X-ray complex
(Figure 6D). The phosphate group pSer33 binds to a seven-
bladed WD40 propeller domain (Figure 6D), forming two
hydrogen bonds with Tyr271 and Arg285 (W1), and two others
with Ser309 and Ser325 (W2); whereas three residues NDpS
beginning the ATF4 motif occupy the same site of interaction
(Figure 7B) with theâ-TrCP protein (W1 and W2), creating
a hydrogen bond network, which reinforces the interaction.
The residue preceding the destruction motif, Asn217, with its
side chain makes a hydrogen bond with the hydroxyl group
of Tyr271 (W1) ofâ-TrCP. The backbone carbonyl group
of Asp218 makes intermolecular contact with Arg285 (W1).
The phosphate group ofpSer219 makes a charged-stabilized
hydrogen bond with the hydroxyl groups of Ser309 and Ser325

(W2) and another hydrogen bond with Arg285 (W1).

FIGURE 8: Competition STD-NMR. The 1D proton and STD-NMR spectra of 32P-â-catenin/â-TrCP upon addition of 23P-ATF4 illustrate
the STD signal reduction of the indicator (32P-â-catenin) as a function of the competitor (23P-ATF4) concentration at different P-â-
catenin:P-ATF4 ratios. (A) 1D proton spectrum of a weak ligand, 32P-â-catenin (KD ≈ 1 mM) used as an STD indicator at a concentration
of 0.4 mM in the presence of 20µM â-TrCP protein. ResiduespSer33, and the aromatic protons NεH of Trp25 in close contact withâ-TrCP
protein, show positive peak in the corresponding STD-NMR spectrum. (B) The 1D proton and STD-NMR spectra of the same sample show
that the STD signal intensities of 32P-â-catenin were reduced whereas the STD signal of thepSer219, pSer224, and Glu226, amide signals
of 23P-ATF4 at 9.05, 8.90 and 8.79 ppm, respectively were increased, upon addition of the 23P-ATF4 peptide (70:30). (C) Upon addition
of the 23P-ATF4 peptide (50:50). (D) Upon addition of the 23P-ATF4 peptide (30:70).
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The main structural changes betweenâ-catenin and ATF4
reside in the second binding pocket. Inâ-catenin the second
phosphoserine,pSer37, is less implicated (Figure 8A),
forming hydrogen bonds with Ser448 (W5), Arg431 (W4-5
linker) and Gly432 (W5) (Figure 6E). The region after the
DSGXXS motif is significantly less important for binding.
On the other hand, threepSPE residues ending the motif of
ATF4 are located at the W4-W5 position of the WD40
repeat motif (Figure 7C). The phosphate group of the second
serine, pSer224, forms hydrogen bonds and electrostatic
interactions with the guanidium group of Arg431 (W4-5
linker). Residue Pro225 following the motif makes only one
hydrogen bond, between the backbone carbonyl group of
Pro225 and the side chain of Arg410 (W4), while Glu226 makes
much more extensive contacts. This is clearly important here
to note that this Glu226 residue was implicated in the same
hydrogen bond network as the second phosphoserine,pSer37

of the â-catenin (Figures 6 and 7). Its side chain makes a
charged-stabilized hydrogen bond with Arg431 (W4-5 linker)

and two other hydrogen bonds with the backbone amide
group of Gly432 (W5), and the hydroxyl groups of Ser448

(W5), which is in agreement with enhancements observed
in the STD-NMR spectrum.

Finally, the third binding site appeared with the hydro-
phobic interaction between the Ile221 of ATF4 peptide and
the â-TrCP central channel, also involved withâ-catenin
(Figure 7C). The consensus motif in theâ-catenin peptide
has an extended conformation (Figure 9C), and we measured
a large distance of 17.1 Å between the two phosphate groups.
Despite an additional residue in the ATF4 motif, the distance
between the two phosphate groups is also of 17.8 Å. The
middle portion of the ATF4 peptide has an S-turn-like
conformation (Figure 9B) that allows the side chain of Ile221

to insert the farthest into the channel, as in theâ-catenin-
â-TrCP crystal structure, making intermolecular contacts.
Ile221 lies at the turning point between the two major NDpS,
pSPE structure areas, thus dockings of theâ-TrCP-
phosphorylated ATF4 complex selected the exact positioning
of the Ile221 methyl tail dipping into the narrow central
channel as a clip linkage leading to its stabilization. These
similarities highlight the central channel as a structural
scaffold that can adapt, through hydrophobic side chain, to
recognizing diverse secondary structures and sequences.
Consequently, in the consensus motif, the region containing
the second phosphoserine is found to be different, which
involves a large interatomic distance Ile221Câ-pSer224P, 13.3
Å in the ATF4 docked structure and 8.9 Å in theâ-catenin
structure (Ile35Câ-pSer37P). However, a similar distance,
10.1 Å, was found in the ATF4 docked structure by replacing
pSer224 by Glu226 (Ile221Câ-Glu226CO). We can observe that
the interatomic distance implying the first phosphoserine was
more similar: Ile221Câ-pSer219P 9.5 Å in the docked
structure and 10.4 Å in theâ-catenin structure (Ile35Câ-
pSer33P).

These findings support the stucture-based conclusion that
NDpS, pSPE and Ile221 are critical for â-TrCP-ATF4
binding and specificity.

In conclusion, by determining conformations of ATF4, in
interaction withâ-TrCP at the molecular level compared with
the interaction of â-catenin, we have established that
structural differences in the amino acid sequence have an
impact to identify key structural parts responsible for
competitive inhibition. As the ATF4 inhibitor protein exerts
a central role in cellular stress and inflammatory responses,
the knowledge of its binding is a first important step toward
the design of potent competitors that may have a therapeutic
value.
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SUPPORTING INFORMATION AVAILABLE

Tables listing some inter-residue1H-1H distances from
unambiguous NOE volumes and report rmsd statistics.
Figures showing WaterLOGSY signal intensity as a function
of the 23P-ATF4 ligand concentration, regions of the
TRNOESY spectrum of 23P-ATF4 peptide in presence of
MBP-â-TRCP, negative controls with reference 1D1H and

FIGURE 9: (A) The ATF4 motif DpSGIXXpS in NMR low energy
calculated structure forms a large bend with two opposite loops.
This structure exposes the Ileu221 in the center and the two
phosphorylatedpSer219 and pSer224 side chains implemented in
the bend for interactions with theâ-TrCP protein. (B) The
DNDpSGICMpSPE motif in docked ATF4 peptide structure. (C)
The diphosphorylatedâ-catenin YLDpSGIHpSGAT motif.
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1D 1H STD-NMR spectra and backbone dihedralΦ andΨ
angle rmsd values for 23P-ATF4 bound toâ-TrCP protein.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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