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ABSTRACT. The kB-a. protein, inhibitor of the transcription factor nuclear faci®@-(NF-«B), is a cellular
substrate off-transducin repeat containing protefir TrCP).5-TrCP is the F-box protein component of

an Skpl/Cull/F-box (SCF)-type ubiquitin ligase complgkTrCP targets the proteinkB-a for
ubiquitination, followed by proteasome degradation. The SEGHTrCP complex specifically recognizes

an kB-o peptide containing the @8GXXpS motif in a phosphorylation-dependent manner. A fragment
comprising 24 amino acids residues for the phosphorylated peptide at the two sites Ser32 and Ser36 and
thus termed 24P«Bo. (P-lkBo?t™44) was characterized conformationally by NMR spectroscopy and
molecular dynamics simulation. In the free states, 2dBalexhibits mainly a random coil conformation,
although the presence of a nascent bend was detected between residues 30 and 36, flanked by two N- and
C-terminal disordered regions. The bound conformation of the phosphoryided peptide was obtained

using transfer nuclear Overhauser effect spectroscopy (TRNOESY) experiments. To further elucidate the
basis of the3-TrCP interaction, a complex between 24Bd peptide angs-TrCP protein was studied

using saturation transfer difference (STD) NMR experiments. The conformation ofkB&PHound to

B-TrCP presents a bend corresponding to*fipSGLDpS*® motif and on both sides N- and C-terminal

turn regions (Lys22Asp31 and Met37Glu43). The bound structure of the phosphorylated peptide
suggests that these domains are crucial for the interaction of the peptide with its receptor showing the
protons identified by STD NMR as exposed in close proximity toRErCP surface.

NF-«B! is a transcriptional activator that under resting of I«B-o is implied in chronic inflammatory pathologies.
conditions resides in the cytoplasm in an inactive complex NF-«B plays a central role in the expression of numerous
with its inhibitor lkB-a (1, 2). Degradation of #B-o genes encoding cytokines, chemokines, and factors involved
following stimulation of cells by growth factors, chemokines, in T-cell activation and proliferatiori( 2). In addition, NF-
or inflammatory cytokines such as TNFleads to activation B has been implicated in the control of antiapoptotic genes
of NF-«B and its translocation into the nucleus, where it (3 4). Thus, NF«B is a pivotal transcription factor that
induces target gene expression. The excessive degradatiogontrols inflammation pathways and other stressful situations.
Activation of NF+«B, under the control ofdB degradation,
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Ficure 1: A model for the role of5-TrCP in the proteolysis ofdB-a and NF«B activation. Upon cell activation anéB-a. phosphorylation,
B-TrCP interacts with Ser32Ser36 phosphorylate@B-a but not with unmodified 4B-o.. In the SCFS-TrCP complex-TrCP allows
recognition of kB-o. and triggers the E3-dependent ubiquitination that ultimately magksx for the proteolytic attack by the 26S proteasome.
Degradation of #B-o. releases the transcription factor NB; which localizes to the nucleu$?).

Table 1. Sequence of Three Peptide Ligands ofiegCP Protein

name sequence number sequence
24P-kBa 21-44 KKERLLDDRHDSGLDSMKDEEYEQ
22P-Vpu 41-62 (20 LIDRLIERAEDSGNE&EGEISA
32Pf-catenin 1748 (21) DRKAAVSHWQQQSYLDSGIHSGATTTAPSLSG

degradation through the ubiquitin-dependent proteasomepeptide; a 19-amino-acid motif ikB-o; and a 22-residue
pathway (1) (Figure 1). The role of-TrCP in the Skpl-  [-catenin polypeptide in a phosphorylation-dependent man-
Cdc53-F-box protein (SCF) ubiquitin ligase complex is to ner (19). To elucidate the basis @TrCP recognition, the
select and recruit the proper substrate for polyubiquitination bound structures of the 22P-V3tf? (20) and 32P3-Catenin

by the SCF. This is achieved by the modular organization (21) peptides to the F-box protefp+ TrCP were previously

of 5-TrCP, which allows for simultaneous interactions with determined by using NMR and MD. Recently, it was shown
the target protein on the one hand through its C-terminal that Vpu is resistant t@-TrCP-mediated degradation and
WD repeats and the SCF on the other hand through that it competitively inhibitg-TrCP-dependent degradation
interactions between its F-box domain and Skp2)(This of 1kB-a. in response to tumor necrosis factorfTNF-o),
finding was of particular significance, since there is evidence resulting in the suppression of NéB activity in Vpu-

for the involvement of the ubiquitinproteasome machinery  expressing cells22, 23). This work is a continuation to

in Vpu-mediated CD4 degradatiol3, 14). The human elucidate a three-dimensional structurefeTrCP ligands
immunodeficiency virus type 1 (HIV-1) Vpu protein, the first and also describes attempts to correlate structures with
ligand of 5-TrCP to be identified 11), binds to the CD4  biological activity. The results obtained for compounds Vpu
receptor and induces its degradation by cytosolic protea-(20) and 5-Catenin 21) were then compared with the
somes. The important role g8-TrCP in the regulated conformational behavior ofkB-o. as described in the
degradation of cellular proteins was confirmed because following.

p-catenin, as well ascB-a, is degraded by the proteasome  To better understand the interaction eBto. with 5-TrCP,

after ubiquitination by SCFj-TrCP (15). we subjected a 24-residue phosphorylated peptide (hereafter
Similar to theS-TrCP-binding domain in Vpul), the referenced as 24RBa., Table 1) to detailed conformational
signal for recognition of both«B andj-catenin bys-TrCP analyses in the free state and when it was boungTeCP

includes a pair of conserved phosphorylated serine residuegprotein. First, we have investigated the solution conformation
that are arranged in a consensus motif, DSPPIGXXS of 24P-kBa. by CD and NMR spectroscopies. The NMR
[POs?"] (whereX represents a hydrophobic residue) present study in phosphate-buffered saline solution was coupled with
in all three proteins. Serine phosphorylation plays a major molecular modeling to determine precisely the conformation
role in regulating the stability of SCF target proteins. In the of 24P-kBo and to examine the structural influence of
case of kB-a, activation of the 4B kinase complex  phosphorylation at the two sites Ser32 and Ser36 of the free
following stimulation by cytokines such as TNF+esults 24P-kBo.. Then, we report thg-TrCP-bound conformation
in the phosphorylation of two serine residues (Ser32 and of 24P-kBo. and characterize the binding process by NMR
Ser36) and leads to the rapid degradation B-& by methods. Transferred nuclear Overhauser enhancement (TR-
cytosolic proteasomed(17) (Figure 1). NOE) spectroscopy is successfully applied to investigate the
The SCF-S-TrCP complex specifically recognizes a Vpu conformation of a ligand in its bound form24, 25).
peptide fragment of 22 amino acid48j, the 22P-Vpu TRNOESY experiments were further completed by molec-
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pp— NMR Spectroscopyll NMR experiments were recorded
\ e — 40% TFE on an Avance 500 NMR spectrometer (Bruker Biospin,
Wissembourg, France) equipped with a Bruker TXI triple
resonance probe including shieldedradients. Two 0.5 mL
24P-kBa samples were used at pH 5.4 and 7.2: a2 mM
aqueous sample containing 90%3410% B0, with 20 mM
sodium phosphate buffered solution and 0.02% MNaN
Temperature was set at 280, 293, and 303 K in water. NMR
samples contained nonphosphorylated 28el or phospho-
rylated 24P+Ba with or without the GST5-TrCP protein.
They were prepared in phosphate-buffered saline solution,
pH 7.2 (20 mM phosphate, 5%,D, 0.02% NaN). *H NMR
spectra were recorded at constant temperature (280 K). The
. NMR samples were adjusted to a protein concentration of
Wavelength (nm) 0.01 mM based on the visible absorption at 595 nm. A 200-
FicuRe 2: CD spectra of 24P«Ba at 280 K in PBS solution at  fo( ligand excess (2 mM) over binding sites was used
pH 7.2 and in 40% (v/v) TFE/water{— —). throughout the studies. The following conventional two-
dimensional experiments were carried out: 2D TOC38j,(
ular modeling studies to determine the structural properties NOESY @9), *H—*C HSQC.GO)' a.nle_lsC HMB.’C (32). .
of the 24P-kBa. peptide bound tg8-TrCP. An additional TQCSY spectra were acquwgd with a 80 ms spin-lock time
technique, the saturation transfer difference (STD) NMR using a MLEV-17 sequence in wate8d). NOESY spectra

method, allows determination of binding epitop@s, (27) were recorded with mixing times from 100 to 600 ms and
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of the 24PkBa. peptide. TRNOESY with mixing time; from 50 to 300 ms. TOC;SY,
NOESY, and HSQC experiments were performed in the
MATERIALS AND METHODS phase-sensitive mode, using the time-proportional phase

incrementation method for quadrature detection (TPPI or

Peptide SynthesislkB-o fragment R1-44) hereafter  States-TPPI)33). For the TOCSY and NOESY experiments,
referred to as peptide 24RBo was purchased from  water suppression was achieved using the pulsed-field
NeoMPS Lab., Strasbourg, France. The amino acid sequenceyradient-based Watergate meth8d)( For the heteronuclear
is (Ac-Lys*—Lys—Glu—Arg—Leu—Leu—Asp—Asp—Arg— experiments performed in aqueous solution, water resonance
His—Asp—Ser(PQH)—Gly—Leu—Asp—Ser(PQHz)—Met— was suppressed with a low-power presaturation. The spectra
Lys—Asp—Glu—Glu—Tyr—Glu—GIn*-NH) for the peptide  were recorded with 518) x 4096¢,) data points and with
containing the phosphorylated sites 32 and 36, Se PO a proton spectral width of 5555.6 Hz in water and a carbon
The purity (95%) of the peptides was tested by analytical spectral width of 22 639.3 Hz. Two-dimensional TRNOESY
HPLC and by mass spectrometry. experiments were recorded with a total of SR 4096-

Purification of the WD Repeat Region from Human (t;) data points for each experiment. The total relaxation delay
Protein §-TrCP. The 5-TrCP protein was expressed as a was 1.5 s. Mixing times of 100, 200, and 500 ms were
fusion protein with glutathioneéS-transferase (GST). The  utilized. The sample was prepared with 0.25 mg of GST
previously described constructioftl) resulted in a fusion  B-TrCP protein (0.01 mM protein) and 3.1 mg of the 24P-
protein of ~60 kDa corresponding to the 218 residues of I«Ba peptide (2 mM; 200:1 peptide/binding site ratio) in
the GST, an 18-mer linker, and the seven WD repeats 500 uL of buffer. The interproton distances were obtained
(residues 251569) of g-TrCP, hereafter named GSF- from volume integrals employing HA and HB of Tyr42 as
TrCP. The expression, separation, and purification of GST- a reference spin pair and a distance approximation of 2.43
B-TrCP were accomplished following a standard GST fusion A between the two-aromatic protons. Data were processed
protein protocol that was previously describe)( The on a Silicon Graphics Indigo 2 or O2 workstation using
purified recombinant protein was then used to prepare the XWIN—-NMR. The observed NOE correlations were as-
NMR samples. signed and integrated using FELIX software (Accelrys). The

Circular Dichroism SpectroscopyCD spectra were re-  t; dimension was generally zero-filled to 1024 real data points
corded at 20C from 250 to 190 nm on a Jasco model 710 with the t; andt, dimensions being multiplied by shifted
spectropolarimeter, using cells with 1 mm path length (Figure sinebell functions prior to Fourier transformation. In water,
2). A stock solution of 5 mM peptide dissolved in 5 mM proton chemical shifts were reported relative to T&P-
phosphate buffer was used to prepare CD samples in wate3-(trimethylsilyl)[2,2,3,3€s] propionic acid, sodium salt
or water/organic mixtures. The spectra were measured at(Tables 2 and 3), and tHéC chemical shifts were referenced
peptide concentrations of 2fM. The ellipticity is reported  indirectly using TSR, taken as reference. The sequential
as mean residue molar ellipticity at 222 nfg,,, in deg assignment of the peptide was performed using the standard
cm? dmoll. Samples were scanned over the wavelength sequential assignment strate@p).
range 202-250 nm by recording values every 0.1 nm with For 1D STD experiments2g), saturation transfer was
50 nm mir? scan rate, with an integration timé ® s and achieved by using a series of 40 equally spaced 50 ms
a 2 nm bandwidth. Each spectrum was the average of fourGaussian-shaped pulses for selective saturation (then, total
scans. The secondary structure percentage predictions wersaturation time was approximately 2.0 86, with 1 ms
made using CDNN software (http://www.imtech.res.in/pub/ delay between the pulses. With an attenuation of 50 dB, the
pspt/cdnn/). radiofrequency field strength for the selective saturation



IxBa. Phosphorylated Peptide Binding feTrCP Protein

pulses in all STD NMR experiments was 190 Hz. The
irradiation yields full saturation of the protein by efficient

Biochemistry, Vol. 46, No. 11, 2002961

The final list of distance restraints containing 247 restraints
from the NOESY and 317 restraints from the TRNOESY

spin diffusion. For one set of spectra, the protein envelope spectra was incorporated for structure calculation with the

was irradiated at-2 ppm (on-resonance) and 30 ppm (off-
resonance) showing that by irradiatingéet= —2 ppm, the

standard protocol of ARIA 1.23(7, 38) using a simulated
annealing protocol. By default, ARIA calibrates distance

entire protein can be saturated uniformly and can thereforerestraints by computing the relaxation matrix from the NOE

be efficiently used for the STD NMR technique. Setting the

peak volumes and the chemical shift assignmes®@s (The

on-resonance frequency to 11 ppm generated another set oftarting point for ARIA is an almost complete assignment
spectra. For the on-resonance irradiation frequency, valuesof the proton chemical shifts, and a list of partially assigned

around —2 ppm are practical because no ligand nuclei

NOEs, mostly sequential and secondary structure NOEs. The

resonances are found in this spectral region whereas therestraint list is then augmented by automatically interpreting

significant line width of protein signals still allows selective

peak lists generated by automated peak-pickdd)y. (A force

saturation. Investigation of the time dependence of the field adapted for NMR structure determination (the PAR-
saturation transfer with saturation times from 0.2 to 4.0 S AL LHDG 5.3 parameters file) was used. A rotational

showed the2 s was needed for efficient transfer of saturation
from the protein to the ligand protons. Subtraction of FID

correlation time of 2 ns for the free peptide and 8 ns for the
peptide bound to the GSIB-TrCP protein was used for

values with on- and off-resonance protein saturation was computation of the relaxation matrix. Starting from an
achieved by phase cycling. Because no baseline distortiongyended conformation with random side chain conformation,

was observed, nd,p filter was applied to eliminate the
background resonances of the GS3TrCP protein. A total
relaxation delay (Agt di) of 3.4 s and eight dummy scans

were employed to reduce substraction artifacts. One thousan
total scans (or 10 000 for a better signal-to-noise ratio) were

collected. One-dimensional spectra were multiplied with
exponential functions (LB= 2 Hz) and zero-filled two times.
Relative STD values were calculated by dividing STD signal

intensities by the intensities of the corresponding signals in
a 1D 'H NMR reference spectrum of the same sample
recorded with 512 scans and similarly processed. For STD
experiments, the ligand to protein ratio was set to 200:1 (2

mM 24P-kBa peptide, 0.01 mM GSTFS-TrCP protein).

For STD NMR experiments, the following control experi-
ments have been performed.

(i) Samples containing only the ligand molecules were

subjected to one-dimensional STD NMR experiments using
saturation conditions identical to those applied in the one-

dimensional STD NMR experiments with the ligands in the
presence of GSTS-TrCP. The resulting difference spectra

did not contain any signals, showing that saturation transfer

the simulated annealing protocol consisted of four stages: a
high temperature torsion angle simulated annealing phase
t 10 000 K (30 ps), a first torsion angle dynamics cooling
hase from 10000 to 50 K (15 ps), a second Cartesian
dynamics cooling phase from 2000 to 50 K (27 ps), and a
final minimization phase at 50 K. ARIA runs were performed
using the default parameters with eight iterations. Twenty
structures were generated each round, and the 10 lowest-
energy structures were carried to the next iteration. Never-
theless, some ambiguous assignments still remained and were
introduced with an appropriate treatment in ARWQ). The
central task of ARIA is the assignment of ambiguous NOEs
during the structure calculation using a combination of
ambiguous distance restraints and an iterative assignment
strategy. In addition, ARIA calibrates ambiguous NOEs to
derive distance restraints, merges overlapping data sets to
remove duplicate information, and uses empirical rules to
identify erroneous peakst{). A set of 60 structures was
then generated. The residues, except the N-Ter Lys21, Gly33,
and GIn44, were constrained using aldihedral angles

via the protein was the sole reason for the effects observedconstraints between20° and—180 (usually the only range
using samples with the ligand molecules in the presence of¢éonsidered in NMR-derived structures), the region of a

GST-4-TrCP.

(i) One-dimensional STD NMR experiments were per-
formed with 24P-tBo. and other fusion proteins such as
GST—N-Ter, which corresponds to the GST protein fused
with the first 260 residues of the full-lengfR TrCP protein,
including the F-Box but not the WD domains. The resulting

Ramachandran plot populated by nearly all nonglycyl
residues. While ARIA allows the final free structures to
undergo a procedure in a simulated water box, it was decided
that this step was not applicable for the bound peptide in
the hydrophobic recognition sites. After the final iteration
with ARIA software (OPLS force field), 20 structures were

one-dimensional spectra contained no signals, demonstratingenerated, and the 10 best with lower energies were retained

the specificity of the interaction observed between 248al
and the GSTf-TrCP fusion protein. The sample control
was prepared containing the 24#Bb. phosphorylated
peptide with the GSFN-Ter protein at the same ratio 200:1
as that used for the 24RBa/GST—S-TrCP sample.
Three-Dimensional Structure CalculatioRistance re-
straints for 24P#Ba. structure calculation were derived from

as the final structures. The final list of distant restraints

contained 247 restraints for the free peptide, divided into

136 intraresidue, 96 sequential, 13 medium-range, and 2
long-range NOEs and 317 restraints for the bound peptide,
divided into 166 intraresidue, 92 sequential, 36 medium-

range, and 23 long-range NOEs. Analysis of the ARIA results
(Table 4) was carried out using the overview.aria scAg).(

NOE cross-peaks in the NOESY spectrum recorded at 298 The final PDB structures were analyzed and visualized with

K with 7, = 500 ms and in the TRNOESY spectrum
recorded at 298 K withr,, = 200 ms that were converted
into distances by volume integration using the FELIX

PROCHECK-NMR 43) and MOLMOL (44) programs. The
resultant structures were subjected to a check of NOE
distance violation of>0.3 A from the observed distances.

software. The NOE intensity between the Tyr42 aromatic The set of 24P«Ba. structures was selected for structural
protons, which corresponds to a distance of 2.43 A, was usedanalysis according to good geometry and few NOE violations

for calibration.

and by eliminating those structures wiphy values in the



2962 Biochemistry, Vol. 46, No. 11, 2007 Pons et al.

Table 2. 'H and*3Ca NMR Chemical Shifts of the Free Peptide 244 in ppm from TSPd,2 and Amide Signal Shift Temperature
Coefficients A(0 NH)/AT in ppb Kt

residue NH @H CpH other A(0 NH)/AT BCa
Lys21 NH* 4.04 1.94 @H 1.44; GH 1.67/1.71; €H 3.00 b 54.0
Lys22 b 4.36 1.81 @H 1.45; GH 1.66/1.78; €H 3.01 b 54.6
Glu23 8.76 4.28 1.94/2.08 ¥81 2.25/2.33 —6.5 54.5
Arg24 8.62 4.36 1.79/1.85 181 1.63; GH 3.19; NeH 7.44 —-8.9 54.5
Leu25 8.65 4.37 1.63/1.68 1E 1.61; GH 0.87/0.94 —-9.3 53.6
Leu26 8.43 4.29 1.64/1.69 Y&l 1.61; GH 0.88/0.94 —-8.7 54.3
Asp27 8.33 4.59 2.69/2.77 —6.5 52.8
Asp28 8.19 4.59 2.61/2.72 —-2.1 52.8
Arg29 8.30 4.32 1.79/1.86 181 1.62; GH 3.21; NeH 7.53 7.1 54.5
His30 8.72 4.69 3.19/3.31 4H 7.24; 2H 8.49 —7.6 54.1
Asp31l 8.67 4.65 2.63/2.71 —-9.3 52.6
pSer32 9.18 4.46 413 —8.5 56.8
Gly33 8.66 3.92; 4.07 —4.2 44.3
Leu34 8.04 4.41 1.67/1.69 Y&l 1.61; GH 0.88/0.94 —4.1 534
Asp35 8.39 4.61 2.64/2.75 —5.7 52.8
pSer36 9.00 4.34 4.09 —-8.5 56.8
Met37 8.65 4.44 2.04/2.12 y®1 2.58/2.61; GH 2.13 —-7.0 541
Lys38 8.40 4.37 1.77/1.86 ¥ 1.42; BH 1.70; GH 3.01 —6.6 54.6
Asp39 8.56 4.59 2.60/2.75 —-7.5 52.9
Glu40 8.54 4.25 1.92/2.04 ¥ 2.23/2.28 —8.3 55.0
Glu4l 8.49 4.24 1.88/1.98 Y81 2.14/2.24 —6.3 55.1
Tyrd2 8.22 4.60 2.94/3.06 CdH 7.13; CeH 6.82 —6.9 56.2
Glu43 8.44 4.28 1.90/2.05 W81 2.22/2.27 —-7.5 54.9
Gln44 8.13 4.12 1.94/2.15 y®81 2.30/2.32; NH 6.94/7.67 —6.6 55.9

2 Spectra were recorded at 280 K, pH 7.2, and 20 mM sodium phosphate buf@?H»D, 9:1 (by volume)? Resonances of protons were not
determined.

disallowed regions of the Ramachandran plot specified with nascent helical conformation in the solution containing 40%
Procheck. TFE (v/v).

The crystal structure g8-TrCP—SkP1proteir-S-catenin For the same peptide at pH 5.4, the results are somewhat
ligand complex 45) from the PDB were used to generate a similar. The shape of the curves indicates the presence of
separate set of coordinates for the whole proteiri-tatenin some secondary structure in the peptide, but the propensity
ligand, and the corresponding active site. The input confor- of helical parts to increase when TFE is added seems less
mation of the ligand was directly extracted from the X-ray clear, which suggests that protonation of pSer32, pSer36,
structure. The X-ray ligand of the complex was considered and His30 destabilizes the secondary structure adopted by
as the bioactive structure and can be further used as thethe peptide at pH 7.2. For this reason, and because a
reference to evaluate computed conformations from NMR phosphate-buffered solution at pH 7.2 reproduces better the
bound peptides (24ReBa, S-catenin, and Vpu). No energy  physiological conditions under which 24FBa is stable,
minimization of the ligand was performed. TheTrCP the NMR and structural study of the phosphorylated peptide
protein active site was defined as the collection of amino has been followed at this pH.
acids for which at least one atom is nearemtiaA to any The CD spectra showed very similar curves for temper-
atom of the bound ligand. Superimposition of the lowest atures between 7 and 3€, suggesting no real differences
energy structure of the bound 24EBl. peptide and the  for the two peptides under these conditions of temperature.
crystal structure was performed from residues 31 to 34, NuR SpectroscopyThe H resonances of 24RdBo. in
essentially for the PSGX region of the consensusp3- PBS at pH 7.2 were determined by a series of TOCS§ (
GXXpS motif. Comp_arlson is baseq on shape complementary ;nq NOESY 29) experiments. The'3Ca signals were
but also favorat_)le Ilgandreceptor interactions; the results assigned usingC-edited HSQC 30) and HMBC @1)
are also examined with regard to the polar as well as gyperiments on @°C natural abundance sample. Proton
hydrophobic surface area of the ligands. resonances of 24RBa. in buffer at 280 K are reported in
RESULTS Table 2. TOCSY spectra were used to assign spin systems

of most of the amino acid residues, and NOESY data

CD Spectroscopyin order to determine more favorable provided the sequential connections between these spin
conditions for further structural analysis, CD spectra of 24P- Systems. The aromatic side chains were identified usSiDg
IxBo. were recorded in different media. The PBS solution edited HSQC and HMBC experiments on™¥C natural
of 24P-kBo. at pH 7.2 was titrated with TFE from 0to 50% abundance sample and the NOE connectivities betwgen C
(viv). As shown in Figure 2, the CD spectra obtained in protons and aromatic ring protons. The chemical shift data
aqueous buffered solution indicated the absence of regularfor 24P-kBa bound tos-TrCP protein are shown in Table
secondary structure. 24RBo. exhibited a negative band 3. The H3 protons of pSer32 and -36 residues were well
around 200 nm and a positive band around 220 nm indicatingSeparated indicating a more stable side chain conformation
the possibility of a random coil structure. Addition of Of pSer32 and -36 in 24R«Ba. bound peptide.
trifluoroethanol to solution did not change the CD spectra A first assessment of secondary structural features was
of 24P-kBa drastically. The addition of TFE results in a obtained by analyzing 24R8Ba *Hoo and 3*Co. chemical
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Table 3. 'H NMR Chemical Shifts of the Mixture of 2 mM
24P-kBo. Peptide and 0.01 mM GSTp-TrCP Protein in ppm from

Table 4. Structural Statistics of the Final 20 NMR Structures of
24P-kBo Free and 24PxBa Bound to thes-TrCP Protein

TSPds?

ARIA output

residue NH @H  CpH other 24P-kBa free 24P-kBo bound
+ . .

Ly821 Nt 599 LeTLeL Qgeﬁéz(/)];l_‘zw' eH L70: No. of Exptl. Distance Restraints
Lys22 b 4.34 1.74/1.81 ©H 1.42/1.47; GH 1.72; ;”mi%tfjgﬂgﬁoNEOE fgl 5,13

Cett 3.00 total NOEs 247 317
Glu23 875 4.28 1.93/1.98 y®i 2.25/2.29
Arg24 862 4.36 1.79/1.85 9@ 1.61/1.62; ©H 3.18; _ _ Divided into

NeH 7.43 intraresidue NOE 136 166
Leu25 8.65 4.38 1.67/1.69 y& 1.58; GH 0.87/0.94 sequential NOE 96 92
Leu26 8.42 4.30 1.67 1H 1.61; ®H 0.88/0.93 medium-range NOE 13 36
Asp27 8.32 4.59 2.68/2.74 long-range NOE 2 23
Asp28 8.19 4.58 2.68/2.75 no. of exptl. broad dihedral restraints 21 21
Arg29 8.29 4.30 1.77/1.86 @ 1.59/1.64; ©H 3.20; NOE violations>0.3 A per structure 1.8 05

NeH 7.52 rmsd (A) to a Mean Molecule
ngfefz %62% i'ifr, i-%//i?l% heavy atoms (all residues) 6.861.54  2.63+ 0.63

. . : . backbone (residues 2%0) 3.37£1.03 0.93+0.40

Gly33 8.66 3.92;4.05 heavy atoms (residues 280) 4.86+1.14  1.90+ 0.60
Leu34 8.03 4.41 1.63/1.68 7€ 1.56; GH 0.86/0.92 backbone (residues 231) 1.75+ 0.58  0.60+ 0.22
Asp35 8.38 4.63 2.62/2.74 heavy atoms (residues 231) 3.39+0.77 1.914+0.52
pSer36 9.07 4.43 4.03/4.08 backbone (residues 3@6) 1.50+0.38  0.63+0.29
Met37 8.67 4.45 2.02/2.11 o1 2.56/2.60; GH 2.09 heavy atoms (residues 336) 3.43+0.71 1.68+0.48
Lys38 8.41 4.35 1.77/1.81 y®1 1.42; ®H 1.65; GH 2.99 .
Asp39 8.55 4.60 259/2.73 _ Ramachandran Plot of Residéx)
Glus0 854 4.24 1.91/2.07 4@ 2.21/2.26 in most favored regions 95 52
Gludl 8.49 4.24 1.89/1.94 41 2.15/2.21 in additional allowed regions 43.1 44
Tyrd2 822 4.62 2.94/3.06 CdH 7.13; CeH 6.81 in generously allowed regions 1.7 4
Glu43 8.44 4.28 1.91/2.08 o1 2.22/2.26 in disallowed regions 0.2 0

Gln44 8.12 4.11 1.93/2.16 y®1 2.29/2.34; NH 6.94/7.66

a Spectra were recorded at 280 K, pH 7.2, 24Bel/3-TrCP= 200

2 mM 24P-kBo peptide, 0.01 mM GSTFA-TrCP protein), and 20 : L ,
ﬁnM sodum phogpﬁate buffer: ZEDFHZO,ﬂQ:l (b;F/) Volu%e). The  Tespectively 49). At the 200 ms mixing time, there is no

chemical shifts are the averages of those of the bound peptide and theSPin diffusion in the TRNOESY. The free peptide showed
peptide excesg.Resonances of protons were not determined. very poor NOESY spectra at this mixing time. The free

peptide could be flexible in solution only showing sequential

shifts because their deviations from the random coil values NOES; the inter-residue NOEs could be observed at mixing

are representative of peptide/protein secondary structéye (  Umes higher that 200 ms. When we increased the mixing
The proton and carbon variations observed were less thartiMe 0 500 ms, we were able to detect some NOE cross-
0.1 and 1 ppm, respectively, which reflects a predominantly P&2ks, both short-range and long-range. The addition of

random conformation in water. Nevertheless, in the bound 5-TFCP protein could be stabilizing some structure and
states, residues 225 and 27-29 had low frequencyx decreasing the tumbling rate. The total number of assigned

proton and high-frequency carbon chemical shifts differing NOES varied from 201 to 313 (Table 4). Figure 3 summarizes
from the random coil values by more thar0.05 and 0.2 the structural features observed for the free and bound 24P-

ppm, respectively, suggesting the presence of a nascent helix<Ba peptide.
between residues 23 and 29. Most of the NOEs for the free peptide were intraresidue
The dissociation constant was measured for the interactionand sequential (Figure 3A). The free peptide showed only
of the phosphorylated 24RBo. peptide with the GSF - two long-range NOEs and 13 medium-range NOEs, sug-
TrCP protein. The interaction caused environmental changesgesting that the free peptide behaves as a random coil in
on the peptide protein interfaces and hence, affected thesolution, not showing any structural tendency. Interestingly,
chemical shifts of the nuclei in this area. We followed the there are nan(i,i+2) connectivities observed in the region
NH resonances to their bound position, and we extracted containing thé:DpSGXXpS*® motif, for the free 24P#Ba,
the binding constant by fitting the fractional shift against an but two Hue—HN NOEs (25-27 and 26-28) are present in
equation depending on total GSB-TrCP protein and 24P-  the N-terminal region and two #HN NOEs (38-40 and
IxBa concentrations47, 48). TheKy was estimated around  40—42) in the C-terminal region. This suggests that this
500uM and was characteristic of fast exchange conditions. central region containing thBDpSGXXpS* motif is less
Temperature dependence of amide proton chemical shiftcompact, probably due to the phosphate groups, which could
showed that the amide of Asp28 has a temperature coefficientbe pushed back. Interestingly, in the-30 region containing
of chemical shift of—2.1 x 102 ppm/K. Other amide  the DSGXXS motif, there is one long-range connectivity
protons in the peptide (Gly33, Leu34, and Asp35) showed observed for the side chain protons of His30 and Lys38,
AOSIAT values in the range of(4 to —6) x 1072 ppm/K. suggesting that the side chains are constrained. As a
These data suggested that Asp28, Gly33, Leu34, and Asp35consequence, the free 24#Bb. seems to be only poorly
are intramolecularly hydrogen bonded or solvent shielded. folded with a tendency to form a large bend. This qualitative
After a NOE buildup analysis, a mixing time of 500 and interpretation of the NOE data is in agreement with the result
200 ms was used for the free and for the bound peptide, of structure calculations.

a Calculated by MOLMOL " Calculated by PROCHECK.
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A 25 30 35 40
KKERLLDDRHDSGLDSMKDEEYEQ
dNN (i, i+1) m e s -
doN (i, i+1) s ssesss willes BE= =
daN (1, 1+2) —
]
dBN (@, i+1) — W — .
dBN (1- l+2) — —
25 30 35 40
B KKERLLDDRHDSGLDSMKDEEYEQ
dNN (i, i+1) m allases s -
dNN (i, i+2) — — —
dNN (i, i+3) —
doN (1, i+1) [ TR -
daN @1, i+2) — —
doN(i, i+3) - Ficure 4: TRNOE-derived structure of the 24PBa peptide.
Twenty structures were generated with ARIA, and the 10 final
dBN (L. i) - - ) — - structures are displayed bound#elrCP (on the left) and free in
dBN (i, i+2) — —— PBS solution (on the right): (A) superimposition from residue 23
—r to residue 44; (B) superimposition from residue 30 to residue 36.
dBN (i, i+3) — —

N — range NOE cross-peaks in the N-terminal domain (Lys22
dap (i i+1) - - Asp31) suggested the possible existence of a nascent helix
dop (i i+3) — in this region of the peptide. In the C-terminal region, a

N — succession afixn(i,i+2) anddan(i,i+2), as well agln(i,i+3),
das (. i+2) — dag(i,i+3), anddg,(i,i+3), was shown. This observation also

- suggested the presence of a nascent helix between residues

Ficure 3: Summary of the sequentid(i,i+1) and medium-range 37 and 42 in the C-terminal domain of 24FBb. as

d(i,i+2) andd(i,i+3) NOEs used for secondary structure determi- : .
ngﬂon )of 24|§-kBa)(A) free in PBS solutionrénd (B) bound to  confirmed by the presence of long-range NOEs between side

B-TrCP. After optimization of the 24P¢Ba. peptide/protein ratio, chain protons I of Asp35 or Met37 residues and the main
the final sample was prepared with 0.25 mg of GFFTrCP backbone protons HN of Glu43 ord-of GIn44 residues, as

protein (0.01 mM protein) and 3.1 mg of the 24t peptide (2 well as between the side chain protons of Asp35 and GIn44
mM; 200:1 peptide/binding site ratio) in 5Q€ of buffer. The residues

NOEs are classified into three categories (strong, medium, and ) . . 3

weak) based on the cross-peak volumes. The intensity is indicated 1hus, the bound peptide contains a bend*®@pS-

by the thickness of the bars. GLDpSMK 2, Moreover, bound 24P¢Ba. peptide exhibits

helical or turn structure at the two Lys22Asp31 and

The bound 24P«Bo peptide, on the other hand, showed Met37—Tyr42 regions. The detailed conformational studies
36 medium- and 23 long-range TRNOEs. The important Were done using molecular dynamics and energy minimiza-
constraints to define a structural tendency could be noted intion studies using NMR constraints.
Figure 3B. Thedun(i,i+3) anddsn(i,i+3) connectivities from Structure of 24P+«Ba. Using NMR data of the 24P<Ba
Gly33 to Ser36 along with amideamide NOE between peptide free in PBS and bound fTrCP protein, NOE
3IDpSGLDpSMK 38 suggests a large bend conformation restrained molecular dynamics and energy minimizations
around the residues Asp31-pSer32-Gly33-Leu34-Asp35- were carried out on the peptide 248Bb. using the procedure
pSer36-Met37-Lys38. A great number of long-range NOEs described earlier. These calculations yielded structures that
were also observed in this central region containing the are consistent with the NMR data. The structure calculation
DSGXXS motif when the phosphorylated peptide was bound was performed using distance restraints obtained from NOE
to GST-3-TrCP. TRNOESY connectivities between side and TRNOE spectra at 280 K. Among the 20 structures
chain protons of the Asp28 or Arg29 residues and the main generated from interproton distance restraints with the ARIA
backbone (pSer36 or Asp39) appeared upon addition of protocol in which the 21 availablg angle restraints were
GST—pB-TrCP. The cross-peak pattern shown in Figure 3B introduced, 10 exhibited no distance violation larger than
indicated a helix tendency between residues 25 and 30. Therd.3 A and nog angle violation larger than 20Thus, these
were medium-range NOE connectivitig(i,i+3) between 10 structures were selected as the final structures. The final
the amides of Leu26Arg29 and Asp27His30, as well as  structural statistics are given in Table 4, and a superimposi-
long-range NOEs between the side chain protons of othertion of the backbone atoms (NoCC') of the final structure
residues (2429 and 21 28) indicating the helical confor-  ensemble is shown in Figure 4.
mation in the peptide. Besides, the observation of sequential Analysis of the geometry violations (Table 4) revealed a
dun(i,i+1) NOEs, as well adon(i,i+2), dgn(i,i+2), dyn(i,i+2) good convergence for residues, which confirmed the struc-
anddgn(i,i+3), dsn(i,i+3), den(ii+3), anddsn(i,i+4) medium- tural organization of the bound 24kRBo. (Figure 4B). The
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Ficure 5: Distribution of NOEs and rmsd calculations for 24P-
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i

T

FIGURE 6: A representative structure of (A) 24PBla free in PBS
solution and (B) 24P«Ba. bound tof-TrCP, (C) the 24P«Ba
bound structure showing the amphipathicity resulting from the
location of negatively charged amino acids in red on one side
(Glu23, Glu40, Glu4l, Glu43, Asp27, Asp28, Asp3l, Asp35,
Asp39,pSer32, andpSer36) and positively charged amino acids
in blue on the other side (Arg24, Arg29, His30, Lys21, Lys22, and
Lys38), and (D) the structure showing polar (Tyr42, Gln44) and
hydrophobic (Leu25, Leu26, Leu34, Met37) amino acids in green
and magenta, respectively.

The proposed conformation of 24FBlo. free and bound
obtained from NMR data and MD simulations are shown in
Figure 6. The three-dimensional structures of the free and
bound 24P+#Ba. are not similar. Free 24RBa (Figure 6A)
does not acquire stable structure in water although the
conformers generated using molecular modeling exhibited
only a bend around the residu&BpSGLDpS®®. The bound

NOEs for each residue; (B) average local rmsd of the backbone peptide presents also a bend corresponding to*DpS-
atoms from the mean structure upon superimposition of backbone GLDpS®*® motif but with two turn regions on both sides

atoms of residues 2340; (C) backbone dihedrab andW angle
rmsd values for the 24R4Ba. peptide bound t@-TrCP protein.

structure of the bound 24RBo is composed of a well-
defined bend between residues His30 and pSer36, with
low backbone (N, @, C' atoms) rmsd (0.63 A), Table 4.
The bend is flanked by two turn regions, a long one
corresponding to the N-terminal residues (LysZ&p31)
with a low backbone rmsd (0.60 A), consistent with the

(Lys22—Asp31 and Met37Glu43) (Figure 6B). The turn
region was stabilized by intramolecular hydrogen bonds
involving Arg24, Asp27, Asp28, Arg29, His30, and Asp31.
Intramolecular hydrogen bonding was supported by the low-

atemperature coefficient of chemical shift of Asp28 amide

resonance (Table 2). MD simulations and energy minimiza-
tion data suggested that the C-terminal part of the free peptide
is flexible whereas the C-terminal of the bound is stabilized
by the intramolecular hydrogen bonds involving Met37,

number of NOEs per residue observed in this region (averageAsp39, Glu4l, Tyr42, Glu43, and GIn44. This is consistent

number, 10 NOEs per residue, Figure 5), and a short one

corresponding to the C-terminal moiety of the peptide
(Met37—Glu43).

Amino acids in the two disordered regions of the free 24P-
IkBo. (Figure 4A) exhibit high rmsd values (1.50 A for
His30—pSer36 and 1.75 A for Lys22Asp31, Table 4) and

with the low local rmsd values (Figure 5b) found for the
concerned residues (228 and 35-41).

Although no specific restraints (i.ey; restraints) were
used, the side chains adopt a preferential orientation in the
backbone. A hydrophilic face contained the positively
charged amino acids (Lys21, Lys22, Arg24, Arg29, and

a lower number of NOEs per residue (average number, 5His30), and the opposite hydrophilic face presented the

NOEs per residue). The well-defined residues were found
in the energetically allowedp/yy space region of the
Ramachandran plot (Table 4).

negative charged (Asp39, Glu40, Glu41, Glu43) (Figure 6C)
and polar (Tyr42, GIn44) amino acids (Figure 6D). The bend
shows in an alternate way, the negative charged Asp31 and
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pSer32, the hydrophobic residues Gly33 and Leu34, the p \
negative charged Asp35 and pSer36, and the hydrophobic
residue Met37 (Figure 6). The model also suggests that the
pSer32 and pSer36 phosphate group orientations are differen

in the two peptides. We have compared the distance betweer

the two phosphorus atoms of pSer32 and pSer36 residues

in the bound 24P«Ba structures we proposed, as well as

of 3-Catenin substrate peptides bound to the hufR@anCP— \
Skpl complexZ21, 45). The peptides are superimposed from )
residues of the PSGXXpS motif at the top face of the A l
B-TrCP WD40 domain (Figure 7). In 24RBq, the average /
distance between pSer32 and pSer36 was 18.6 A in the free
structures and 15.5 A in the bound structures. The average
distance inp-catenin was 17.1 A in the crystal structu#sy) B
and 15.6 A in the NMR bound structur@1). In Vpu, the
distance between pSer32 and pSer36 was 10.2 A in the NMR
bound structure20). The pSer32 and pSer36 residues are
placed further apart in 24R8Ba. and -catenin compared

with Vpu due to different folding patterns of the backbones

of the three peptides. These structural differences (Figure
7) may play a major role in the selectivity of tiieTrCP
receptor for PSGXXpS analog peptides.

In conclusion, NMR, CD, molecular dynamics, and energy
minimization methods have shown that modification in the
DpSGXXpS motif of S-TrCP ligands leads to different
possible structures (Figure 7). These structural differences
may be important for the development @{TrCP receptor @
selective inhibitors.

Interaction with/3-TrCP Protein.The binding of ligands
to target molecules can be studied by a variety of NMR
methods, depending on the size of the compounds and the
kinetics of binding. Current methodology has been reviewed
(36, 50). STD is a very sensitive method that allows the
mapping of binding epitope2{). Saturation of a single N
target resonance can result in a rapid spread of saturatior
over the entire macromolecule if spin diffusion within the
macromolecule is efficient. The ligand resonances also
become saturated provided that the ligand protons are close
in space to the macromolecular protons. The degree ofp
saturation of the individual ligand resonances depends on \
the binding kinetics and the distance of the protons involved.

The saturation transfer difference (STD) NMR method
allows determination of binding epitope2f( 27) of the 24P-

IxBo. peptide. This method is based on magnetization transfer
by protein signals and their relayed effect to ligand. During
the saturation period, progressive saturation transfers from
the protein to the ligand protons when the ligand binds to
the target. Protons of the ligand that are in close contact with
the protein can be identified from the STD NMR spectrum,
because they are expected to be saturated to the highes
degree. The degree of saturation of individual ligand protons /
reflects their proximity to the protein surface and can be used Ficure 7: The DpSGXXpS motif where both phosphate groups
as an epitope mapping method to describe the tadgstnd of phosphoserine are shown and point out of the structures bound
interactions 27, 51). The individual signal protons of the 0 the f-TrCP protein. (A) Superimposition of thepSBGXXpS

. . . fragment for the 24P«Ba bound peptide (in blue), the NMR
24P-kBa peptide are best analyzed from the intensity values Vpu-bound peptide (in yellow)20), the crystal structure of the

than the integral values in the referenbﬁ and STD SpeCtra human ﬁ-TrCP—SkPl Comp|ex bound to ﬁ-catenin peptide
(Isto = lo — Isa). The spectral region corresponding to the (in green) 45), and the NMRB-catenin-bound structure (in gray)
amino protons is well resolved and can be used to classify (21). The four peptides are superposed from residyeS®

: ; ; ; ; ; Superimpositions of the ®EBGXXpS fragment for the
the amino acid residues relevant for interaction with the 24P-kBa-bound  peptide (in blue) and (B) the NMR

ﬂ-T'rCP protein. The moderate degree of ove_rlappi_ng for the Vpu-bound peptide (in yellow)20), (C) the crystal structure (in
amide protons allowed us to calculate the intensity for all green) 45), or (D) the NMR -catenin-bound peptide (in gray)
the visible amide protons of the peptide. The signals observed(21).
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B enhancements were observed for amide protons of two
| similar 3DpSXXX pS* and 3*DpSXXX E*° motif (>60%).
K38 In the second motif, a glutamic acid residue seems able to
HIoRsT) B hss replace a phosphorylated serine. On the other hand, amide
protons at thé5LLDDRH?3° fragment have similar larger STD
T intensities, ranging from 50% to 80%, indicating that these
:[_m_ side chains are also involved in the epitope (Figure 9). The
| ¥ STD results highlight the binding of three motifs shown to
play a significant role in the stabilization of the complex.

]
B

| DISCUSSION

_ d WO HIV-1 Vpu, the first ligand of3-TrCP to be identified
St o (12), is a general inhibitor of the degradation of {idrCP

pn 02 90 55 56 54 82 substrates. Besides serving as an adaptor for CD4 degrada-
FiGURE 8: Expansion of the region containing resonances of the tion, Vpu is a strong competitor that can inhibit the
amide protons of the 24RBa peptide in association with the  degradation of thes-TrCP substrates, leading them to
fgﬁ@?ﬁ%&g@&c{fﬁ egr?er eldE)l_| Ssﬁgﬁggmegﬂaﬂggmeﬂg o accumulate in HIV-1-producing cells expressing Vpu. In fact,
resonances of protons making close éontacts with protein interactionl_'{ B-a, -(_:a_tenln, and ATF‘} accumulate, aT‘d the transcrip-
site. STD values are obtained after peak picking intensities tional activity of f-catenin is up-regulated in the presence
compared with the 1D with the exact values of chemical shifts of of Vpu (23). It was also found thgs-TrCP is redistributed

the HN (amino acids in bold have intense relative STD, and those from the nucleus to the cytoplasm in cells expressing Vpu.

in italic have weak relative STD). The production of Vpu completely prevented the THF-
100 induced nuclear translocation of NfB- (23), as was inhibited
90 | NF-«B activity (22). Finally, the results suggest that Vpu is
80 - a powerful inhibitor of kB-a. degradation and of NkB

g 70 L R R R W S S activity (23). All these effects require the presence of an

E 60 - intact phosphorylation motif PSGXXpSin the cytoplasmic

g 404 in all B-TrCP ligands identified so far (Figures 10 and 11).

¢ 30 All these results support a model in which each ligand
fg: competes with all other ligands to interact with the same

04 WD repeat domain ofs-TrCP (Figure 11), through an

analogous phosphorylation motif. Thus, it was interesting
to highlight the structural and binding similarities of all
Sequence SCF-fTrCP substrates.

ESSSEo?:thE?;arg\gtSsT;n ;?tgfntsri]téez Jgéé“pﬁéﬁ?a eThtﬁ ;n;%%rge Three-Dimensional Structurehe characterization of the

HN proton, was set to 100%. The relative degree of saturation for three-dimensional free and bound structures of 24Rxlin

the individual protons normalized to that of the pSer36 can be used solution is an essential step toward the rational design of a

to compare the STD effeck(). The relative intensities have been  selective competitor of its receptor. The identification of

classified arbitrarily in three categories (dotted lines). B-TrCP protein as the receptor of 24BBkt, Vpu (20), and

p-catenin 21) will now allow study of the binding affinity

in the 1D spectra for the amide protons of the whole peptide and the functional properties of potential ligands for this

are summarized in Figure 8. receptor. Because structural information for the ligand/
As a control experirnent7 we recorded STRNMR Spectra receptor Complex is CUrrently difficult to obtain, a Iigand-

of 24P-kBo without 8-TrCP protein which confirmed that ~ based approach can be used to obtain such information. In

complex was not formed. The binding of 24Bb. to buffered solution, 24P«Bo. exhibited mainly a random coil

B-TrCP protein was identified by the size and buildup rate Structure even though the existence of a nascent bend was

of the transferred NOEs combined with STD enhancements detected between residues 30 and 36 by NMR (Figure 6A).

(49). The STD experiment was initially performed on Conversely, in the presence GfTrCP protein, the NMR

fB-catenin, a peptide ligand for which crystallographic data and molecular modeling calculations performed firmly
with -TrCP are available4®). established that 24R4Bo. adopts a well-defined three-

The signal obtained with the largekiro/lo value, the dimensional structure consisting of a central bend, extending
pSer36 H-N proton, was norma“zed to 100% (Figure 8) from Ar929 to Met37 that iS ﬂanked by two turn'structured
The relative degree of saturation for the individual protons, N- and C-terminal domains (Figure 6B).
normalized to that of pSer36, can be used to compare the Recently, the bound structures of V0| andS-catenin
STD effect (Figure 9). The most prominent STD signals (21) have been determined by NMR and molecular modeling.
(=70%) were observed for amide protons HN (pSp336). The structure ofs-catenin exhibits an N-terminal domain
The closest proximity of this group to thTrCP surface  with a tendency to form turns followed by a bend and its
might be an indication that this part of the molecule is buried C-terminal flexible part. The structure of Vpu also consists
deeper into th@g-TrCP ensemble by forming hydrogen bond of a turn N-terminal region showing a weak helical tendency
interactions or involving charged groups. Interestingly, strong followed by a bend in the central region and a C-terminal
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Ficure 10: Surface representation of the top face of fR€rCP
WD40 domain with the bound EEGXXpS motif (A) from the
crystal structure of the complex of the humaTrCP—SkP1 with
p-catenin substrate peptidd), (B) from the NMR 24P+Bo-
bound peptide, and (C) from the NMR Vpu-bound peptide
(20).

Ficure 11: A portion of the seveip-propeller structure of the
WDA40 region of thes-TrCP protein corresponding to the active
site is shown with the PSGXXpS motif of the substrate
peptides. The residues of the protein surface@feA of theligand
based on the crystal structure of the complexT(CP—SkP1--
catenin peptide). The first phosphoserine residue of the
DpSGXXpS motif is able to make an electrostatic interaction
with the positive Arg285 (WD1) and hydrogen bonds with the
hydroxyl groups of Tyr271, Ser309, and Ser325 (WD1). A second
broader site formed by a positive charge distribution on the
surface Arg367, Arg390, Arg431, and Lys365 (WD3) is able to
bind the second phosphoserine. A hydrophobic pocket is com-
posed of the aliphatic portion of the Phe523 and Val516 (WD7)
side chains ing-TrCP. (A) The fragment off-catenin sub-
strate peptide from the crystal structure of the complex bound to
the humang-TrCP—SkP1. (B) The fragment of the NMR 24P-
IkBa-bound peptide. (C) The fragment of the NMR Vpu-bound
peptide.
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domain that is unstructured. 24FBla thus shares a common Similar saturation transfers were observed for 24Pl
structural organization witf-catenin and Vpu with a central ~ Vpu (20), andj-catenin 1), and one can generally assign
bend flanked by two turn regions. This conserved structural two main common parts of the peptides in contact with
organization suggests that it may play an important role in §-TrCP protein, that is, in the case of 24EBhb, the
ligand/receptor interaction. NMR and crystal structu@® (  3'DpSGLDpS®*® motif region and the upper left regioh-
21, 45) have shown that the central bend is responsible for DDRH®. For 24P-kBa, another group of residues?®
the interaction of ligand with its receptors (Figures 10 and DpSMKDE*°, seem to be important for binding and to be
11). The central bend of the @3GXXpS motif region is close to the protein surface. This is consistent with the fact
responsible for high-affinity binding, and this suggests that that the three regions have shown large STD enhancements.
the flexibility of this region of the molecules is an important The variations in STD enhancements, especially on both sides
feature for ligand/receptor interaction (Figure 11). However, of the DpSGXXpS motif, can be used to differentiate the
an interaction of peptide ligands that involves the turn- studied molecules. Also, the discrepancies found between
structured N-terminal region is required to favorably preposi- NMR structures of complexes betwegflrCP protein and
tion the peptide. NMR studies have revealed that the S-catenin, 24P«Ba, and Vpu ligands can help in further
N-terminal residues are also implicated in promoting low- characterization of these interactions (Figure 10).
affinity binding to the receptor2Q, 21). On the basis of our The Actve Site in the WD Domain q8-TrCP Protein.
observations, a multiple-site mode of ligand/receptor interac- The C-terminal domain of3-TrCP contains seven WD
tion will be proposed for 24P«Ba. in which the central bend  repeats (Figure 10), known to form interfaces for protein
interacts with the WD domain of the receptor and the external protein interaction §3) and required for optimal binding.
loops of the peptide also interact with the receptor. Modeling of the F-box protein3-TrCP (G4) reveals an
Epitope Mapping of the 24R:<Ba Peptide.|xB-a, an extensive basic region on the front face of the propeller,
inhibitory protein that binds to the transcription factor NF- which may engage substrate phosphoepitopes.SFheCP
«B, is ubiquitinated and degraded through the proteasomeWD domain has the ability to recognize phosphoserine
pathway. Two amino acid motifs imB-o. are known to play ~ epitopes in the context of the adjacent glycine residue. The
important roles in this process: (i) a pair of serines separatedglycine binding pocket is able to accommodate other residues
by three amino acids (positions 32 and 36), which become with a same propensity to forh turns. The known factor
phosphorylated prior to proteasome degradation, and (ii) two essential for binding is the phosphate group of the phospho-
lysines, which are candidate sites for covalent attachmentserine residue (Figure 7), which gives the higher relative
of ubiquitin, about 10 amino acids upstream of the phos- saturation transfer (STD signal 100%). In the case of the
phoserines §2). The STD-NMR studies of the #B-a aspartic acid, arginine, histidine, lysine and glutamic acid,
peptide in the presence GfTrCP showed the involvement the contact is through the charged groups, whereas in the
in binding of the NH groups of the negatively charged case of the leucine and methionine, it is a hydrophobic
sequences: the phosphorylate@ SGLDpS*® motif and contact. The glycine also participates in binding contact with
fragments involving the residue glutamic acid (Ep$*- similar larger STD intensity, 70% (Figure $}-TrCP could
MKD E*° or DE**EYE®. In addition, the STD enhancements associate with 24P«Bo. peptide via charge-based interac-
of the NH in the fragment®LLDDRH?® show that hydro-  tions. In the DDR°HDpS*GLDpS*MKDE“E fragment,
phobic Leu26 residue along with charged (Asp27, Asp28, except for Gly33, Leu34, and Met37, all the chain residues
Arg29, and His30) amino acids contact the site. The relative form a charged surface that would provide a plausible binding
similarity in STD effect (STD intensities between 50% and region in contact with the charged protg8aTrCP surface
100%) shows clearly that these different regions bind strongly (Figure 11). The phosphate group of the first phosphoserine
to the receptor protein. can carry out a great number of contacts, in forming direct
The N- @LLDDRH3% and C-terminal ?DpSXXX E*0) hydrogen bonds with the side chain hydroxyl groups of
turn regions are clearly important here as is shown by the Tyr271, Ser309, and Ser325 in the WD domainsefrCP
epitope mapping data (STD NMR). The fact that these protein (Figure 11). The phosphate group forms also direct
residues were close to the knownp8GXXpS binding electrostatic interactions with the guanidium group of Arg285
fragment enhanced interaction of thdta ligand to-TrCP (Figure 11). This creates a hydrogen bond network in the
protein. Similarities are observed betweeB4o. and other protein around the phosphate group and can explain the high
proteins known to be degraded by the proteasome pathwaysaturation transfer toward the phosphate group of phospho-
(20, 21). The X-ray crystallographic analysis @g-TrCP serine. On the basis of previous mutational analykis %5,
protein complexed with a fragmeni-catenin substrate  56), the arginine residues ¢f-TrCP protein are essential
peptide 45) reveals the binding site specific for a phospho- for function. The lysine or arginine residues of the WD1
peptide complex bound to a seven-bladed WD40 propeller fragment would be part of thg-TrCP interaction domain
domain (Figure 10) and that nearly all of thelrCP contacts  with the acid-rich motif segment negatively charged. To test
are made by the six residypSGIHpS motif. However, the the specific association between the WD repeat domain of
fragment in the complex is too short to highlight a hydro- the receptor subunit of the SEB-TrCP ubiquitin ligase and
phobic interaction upstream (Figure 10). When we super- a phosphorylated<Bo. peptide (P-4Ba), the effect of the
imposed (Figure 7) this crystal structure on the NMR- lysine mutant residues (WD1, Lys304 and Lys326 replaced
determined structures of 24RBa, Vpu (20), andg-catenin with alanine) on binding PkBa. was examinedy(7). A single
(21) peptides, which have a consengusrCP-binding motif, WD1 Lys326 mutation has an inhibitory effect on the binding
we found that they fit the binding pocket reasonably well. of P-lkBa. Asp31, which is an invariant binding motif
However we noticed that a different localization affected the residue, is also able to make an extensive contact because
second serine. its side chain allows a hydrogen bond with Arg521, Arg474,
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and Tyr271 in the WD domains. Gly33, also an invariant ~ Mainly for Vpu, the presence of the negative charged
binding motif residue, is able to pack with thTrCP residues in the motif EPSGXEpPSEGE reinforced the
receptor in an environment with little space for a non-glycine phosphate group interaction fBTrCP. P-Vpu is the only
residue. The conservation of the Gly33 residue is also protein containing as many negative charges in this motif
justified by the need for compact side chains not to disturb among the others ligands (Figure 11C). The fact that four
the position of Leu331 and Leu351 GfTrCP protein. The glutamic acid and one aspartic acid residues were close to
position of the Leu34 residue in thepB*?GLDpS* motif the phosphoserine enhanced the negative potential generated
(Figure 11), located above the central channel of the seven-by the phosphorylated serine. This negative pole around the
bladed WD40 propeller domain and without particular phosphate groups of the serine reinforces the Vpu binding
implication of the side chains, can explain the variability of to thes-TrCP protein. Indeed, a fragment composed of long
the residues to these positions in the phosphorylation motif. negatively charged residues (phosphoserine or glutamic acid)
The binding site seems to be enough restricted to select theand short aspartic acid residues in close proximity was mainly
DpSG motif (Arg285, Arg474, Arg521, and some hydrogen indicated to interact witl-TrCP protein. Recentlyj-TrCP
bonds) since this part of the motif is relatively hidden and a protein was reported to be responsible for the recognition
second broader site formed by a positive charge distribution and ubiquitination-dependent degradation of human somatic
on the surface (Arg367, Arg390, Arg431 and Lys365) laid Weel, the Cdc2 inhibitory kinase, although Weel lacks the
out around the second phosphoserine. This positive chargeconsensus PSGXXpS binding motif 69). Phosphorylation
distribution can also highlight the better affinity of P-Vpu of human somatic Weel creates phospho-degrons (signals
compared with the others ligands. The second phosphoserindor degradation) binding t-TrCP through direct interaction
is less embedded (Figures 7 and 11) and its original with the basic residues @gETrCP ©0). Amino acid residues
orientation in the bound Vpu (Figure 11C) can explain a DpSAFQE, EEGFGpS, and EEGFGS$S in Weel impor-
better interaction of this ligand. tant for its recognition by3-TrCP may mimic the common
The NMR data described above show that the epitope binding motif, although in EGXXXX pS the residue phos-
comprises a surface extending over residues of the bendphoserine is located two residues downstreamEBEXpS.
DpS*GLDpS®* motif of the bound peptide associated with In conclusion, by determining conformations afBta,
the hydrophobic cluster. Leu25, Leu26, Leu34, and Met37, in solution and in interaction wit-TrCP, at the molecular
whose hydrophobic nature is conserved in the peptide level, we have established that structural differences in the
fragment, are able to make van der Waals contacts with aamino acid sequence have an impact to identify key structural
hydrophobic pocket that would be composed of the aliphatic parts responsible for competitive inhibition. Because the NF-
portion of the Val516 and Phe523 side chaing3#irCP «B inhibitor protein kB-a exerts a central role in cellular
(Figure 11). stress and inflammatory responses, the knowledge of its
Inhibitory Effect ong-TrCP Substrates by HIV-1 Vpu. solution conformation is a first important step toward the
Interaction of the substratesB-a, HIV-1 Vpu, andj-catenin design of potent competitors that may have a therapeutic
with B-TrCP relies on the motif pPSGNEpS. The WD value. Molecules that selectively block recognition ki8ia
domain of 3-TrCP has positive amino acids, arginine and by g-TrCP may also constitute an alternative therapeutic
lysine (Figure 11) that could accept the diphosphorylated target for anti-inflammatory agents.
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