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Abstract: Serine/threonine kinase Akt plays a central role in the regulation of cell survival and proliferation. Hence, the
search for Akt specific inhibitors constitutes an attractive strategy for anticancer therapy. We have previously
demonstrated that the proto-oncogene TCL1 coactivates Akt upon binding to its Plekstrin Homology Domain, and we
proposed a model for the structure of the complex TCL1:Akt2-PHD. This model led to the rational design of Akt-in, a
peptide inhibitor spanning the A B-strand of human TCLI1 that binds Akt2 PH domain and inhibits the kinase activation.

In the present report, we used NMR spectroscopy to determine the 3D structure of the peptide free in solution and bound
to Akt2-PHD. NMR chemical shift mapping was used to determine the imprint of Akz-in on the PH domain; whereas
peptide Ala-scanning revealed which peptide residues were involved in the interaction. Together with the solution
structure of Akt2-PHD, these results allowed us to dock Akt-in on the PH domain. The docked complex suggests that
while Akz-in binds Akt2-PHD in a region overlapping the binding site of TCL1, its mode of interaction is markedly
different. Moreover, the affinity was disappointingly low, contrary to that published previously.

Besides providing a description of the interaction between Akt-in an Akt2 PH domain, the present work brings additional
clues on the putative peptide mode of action. Instead of behaving as an analog of PtdIns, as previously suggested, Akz-in
might act as an “allosteric” inhibitor, maintaining the full-length kinase in its “closed” inactive conformation, rather than
disturbing the membrane anchorage of its “open” active conformation.
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INTRODUCTION

Akt plays a central role in the regulation of several
signaling pathways controlling cell survival and proliferation.
To date, three mammalian isoforms (Aktl/Protein Kinase Bou
[PKBa], Akt2/PKBp, and Akt3/PKBY) of the kinase have been
identified that share a high degree of sequence and structural
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homology, even though a possible distinct role has been
suggested for each of them [1-4]. The kinases have two distinct
functional domains: an N-terminal pleckstrin homology domain
(PHD) mediating protein-protein and protein-lipid interactions
and a C-terminal catalytic domain [5-7]. The basic activation
process of the Akt isoforms appears to be uniform [8]. After the
binding of growth factors to their cell-surface receptors, Akt is
translocated to the plasma membrane following the binding of
the PH domain to the products of the phosphoinositide-3-kinase
pathway: phosphatidylinositide(PI)-3,4-biphosphate and PI-
34,5 triphosphate [5, 7, 9]. The regulation of Akt is then
regulated by phosphorylation on two regulatory sites, threonine
308/309/305 and serine 473/474/472 (Aktl/2/3, respectively),
with phosphorylation of both required for maximal kinase
activity [10]. Phosphorylation of the threonine residue occurs
via the activity of phosphoinositide-dependent kinase (PDK1)
[6, 7, 11]. The exact mechanism for the phosphorylation of the
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serine residue remains to be deciphered [7, 12, 13]. Over 20
molecules have been identified as potential physiological
substrates of Akt, including GSK3a (glycogen synthesis kinase
30), GSK3B, BAD, endothelial nitric-oxid synthase, and
forkhead transcription factor (FHKR) [5, 14].

The PI3K-Akt signaling pathway regulates many normal
cellular processes, including cell proliferation, survival,
growth and motility, processes that are critical for
tumorogenesis. Indeed, the role of this pathway in
oncogenesis has been extensively investigated and altered
expression or mutations of many components of this
pathway have been implicated in human cancer [15]. Thus,
the kinase Akt represents an attractive target for drug
development [4, 16]. We have previously shown that a
peptide spanning the TCL1 Akt binding site inhibited Akt
membrane translocation, along with its downstream
biological responses [17]. The proto-oncogene TCL1 (T Cell
Leukemia 1) protein family was first identified in the
translocation of human T cell prolymphocytic leukemia (T-
PLL), a rare form of adulthood leukemia [18, 19]. Three
isoforms have been subsequently identified in the human
genome: TCL1, TCL1b, and MTCP1 (mature T cell
proliferation) [20], which share a high sequence homology
and a similar 3D structure. Interestingly, MTCP1 [21, 22] -
and possibly TCL1b for which only a 3D model of its
structure is available [23] - is monomeric in solution,
whereas TCL1 forms a tight dimer in the crystal and in
solution [24]. In yeast screening of Akt to search for an
interacting partner, we have demonstrated that TCLI
interacts with the PH domain of Akt. This interaction was
functional, since we and others have shown that TCLI1
enhances Akt kinase activity, and therefore functions as an
Akt kinase coactivator [25, 26]. NMR and SAXS studies
further supported the structural basis of this interaction,
yielding the precise definition of the mutual protein binding
sites [27, 28]. Whether the oncogenic role of TCLI1 is
uniquely related to the co-activation of Akt is still under
debate [29, 30]. Nevertheless, using the structural model
obtained for the complex TCLI1:Akt2 PH domain, we
hypothesized and verified that the peptide Akt-in spanning
the TCL1 Akt binding site (encompassing the BA strand)
binds to Akt and modulates Akt kinase activity.

In order to establish the structural basis of the mechanism of
action of Akt-in, we present here the structural study of this
peptide inhibitor free in solution and bound to the Akt2 PH
domain (Akt2-PHD). The binding site of Akt-in on Akt2-PHD
was established using the NMR chemical shift perturbation
technique, while the inhibitor binding site recognized by Akt2-
PHD was obtained through Ala-scanning of the peptide coupled
with NMR titration. From these data, we obtained a model of
the Akt2-PHD:Akt-in complex using HADDOCK calculations.
Based on the results from this study, we suggest a novel
mechanism of action for the inhibition of the kinase Akt by the
peptide inhibitor.

MATERIAL AND METHODS
Protein Preparation

The production of the recombinant Akt2 Pleckstrin
Homology domain has been published in detail elsewhere
[28]. Briefly, Akt2-PHD was amplified by PCR from human
EBYV transformed B cell cDNA library. The cDNA encoding
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the 111 N-terminal residues of human Akt2 - corresponding
to the Pleckstrin Homology domain - was sub-cloned into
the EcoRI BamHI sites of the pGEX2T plasmid. Uniformly
labeled N recombinant protein was obtained from over-
expression in E. coli BL21 grown in minimal medium
containing "NH,CI as the sole nitrogen source. The GST-
fusion protein was purified using affinity chromatography on
glutathione-sepharose beads (Pharmacia), and then cleaved
overnight by adding thrombin to the beads in a low salt
buffer. Eluted protein was further purified using size
exclusion chromatography with an HRI00 column
(Pharmacia). The different preparations yield about 15 mg of
each protein (unlabeled and '°N-labeled) that were
conditioned at a concentration of 0.1 mM in the buffer used
for NMR spectroscopy (10 mM Tris/HCI (pH 7.4), 300 mM
NaCl, 0.1 mM benzamidine, 0.1 mM EDTA).

Peptide Synthesis

The peptide Akt-in, that corresponds to the BA strand of
TCL1, and the 13 Ala-scan peptide sequences were
synthesized in an automated, solid-phase peptide synthesizer
433A (Applied Biosystems, Stafford, Texas), using Fmoc
chemistry and PyBOP activation. In this series, the non-Ala
amino acids in the Akr-in sequence (CH;CO-NH-
AVTDHPDRLWAWEKF-CONH,) were replaced by Ala
systematically. Besides this series, other peptides
corresponding to the BA strand of MTCP1(CH;CO-NH-
GAPPDHLWVHQEG-CONH,) or TCLIb (CH;CO-NH-
GVPPGRLWIQRPG-CONH,), two other members of the
TCL1 proto-oncogene family, were also synthesized, as well
as the control peptide corresponding to the BC strand of
TCL1  (CH;CO-NH-EKQHAWLPLTIE-CONH,).  The
peptide products were purified by HPLC using a reverse
phase C-18 column (SUPELCO, 250 mm x 10 mm, Sum) on
an Anglient 1100 system. Purity and homogeneity were
confirmed by MALDI-TOF mass spectrometry. All mass
spectra were acquired using a MALDI-TOF mass
spectrometer (Voyager DE-PRO, Applied Biosystem, Foster
City, CA) equipped with a 337 nm nitrogen laser. The
spectra were recorded in the linear mode using an
accelerating voltage of 25kV, a 91% grid voltage, 0.1%
guide wire voltage, and 100ns delay time. The matrix a-
cyano-4-hydroxycinnamic acid (CHCA) was directly mixed
with 1 ml of target, spotted onto the sample plate, air-dried,
and analyzed.

Circular Dichroism Analysis

The peptide concentrations were determined using a ND-
1000 Spectrophotometer (NanoDrop Technologies) and
extinction coefficients obtained from sequence analysis
using the ProtParam tool from the ExPASy server
(http://www.expasy.ch/tools/protparam.html). Far UV-CD
spectra were recorded with a chirascan dichrograph (Applied
Photophysics) in a thermostated (20°C) quartz circular cell
with a 0.5 mm path length, in steps of 0.5 nm. All protein
spectra were corrected by subtraction of the buffer spectra.
The mean molar ellipticity values per residue were
calculated using the manufacturer software.

NMR Spectroscopy and Structure Calculations

All NMR experiments were carried out either at 500 or 600
MHz, on Bruker Avance II spectrometers equipped with z-
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gradient 'H-"*C-"N triple resonance cryoprobes. For the study
of the peptide free in solution, the sample concentration was 2
mM in pure water, and the pH was adjusted to 3. When studied
in the presence of the protein Akt2-PHD (peptide/protein ratio
ranking from 10 to 100), the peptide was dissolved in TRIS
buffer (10 mM), pH 7.4, 300 mM NaCl. All samples contained
5% (v/iv) H,0 for the lock. Data were acquired on samples
generally maintained at 7°C, and 'H chemical shifts were
directly referenced to the methyl resonance of DSS
(EURISOTOP), while *C and "N chemical shifts were
referenced indirectly to the absolute frequency ratios "N/'H =
0.101329118 and *C/'H = 0.251449530. In all 2D experiments,
quadrature detection in the indirectely observed dimension was
obtained with States-TPPI [31]. The data sets were processed
using XWINNMR software.

Homonuclear spectroscopy. NOESY [32, 33]
experiments (transferred nOe) were recorded with mixing
times ranking from 100 to 500 ms. When recorded in the
presence of Akt2-PHD, an isotopic filter [34] was added to
the basic sequence in order to suppress proton amide
resonances from the protein. Off-resonance ROESY [35]
was recorded with a 5 kHz adiabatic pulse of 200 ms length,
applied with an offset angle of 54°. z-TOCSY [36-38]
experiments were carried out using a 80 ms TOWNY
isotropic transfer sequence [39], at a field strength of 10 kHz
(corresponding to a m pulse of 50 us). Solvent suppression
was carried out using the excitation-sculpting method [40].

Heteronuclear spectroscopy. Owing to the high
sensitivil?l allowed by the use of cryogenic probes, the
peptide SN and 13C resonances were assigned from 2D
experiments conducted at natural isotope abundance. ['H,
15N] 2D HSQC [41, 42] were recorded in HyO using a time
domain data size of 64 t] * 512 tp complex points and 256
transients per complex t| increment. [lH, 1 C] 2D HSQC,
1H,13C] 2D HSQC-TOCSY [43] spectra were recorded in
H»O using time domain data sizes of 200 t] * 1024 tp
complex points, and 32 and 96 transients per complex t|
increment, respectively. As for homonuclear 2D TOCSY, the
TOWNY sequence was used for isotropic mixing (80 ms) in
the 2D HSQC-TOCSY.

NMR Titration Experiments. Kp values were obtained
from the fit of chemical shift variations measured on a series
of ['H, "N] HSQC spectra on a 100 uM "“N-labeled Akt2-
PHD sample as a function of the ligand concentration with
the following equation:

2
AS:lAém [1+k’°+[L]J— (1+ ky +[L]] _Ale] (1)
2 (] [R] (R] [r]) [B]
where [Py] is the concentration of '*N-labelled Akt2-PHD
(90 uM), [L] the variable ligand concentration, Ad. the
maximum chemical shift variation, and Ad the cumulative

chemical shift variation for the resonances of an amide group
after adding the ligand, obtained through:

2
AS = \/{AS(‘SN)g—N} +[asCH)] )

where A3('H) is the proton chemical shift change and
AS(°N) is the nitrogen chemical shift change.
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Molecular Modeling Calculations. Inter-proton distance
restraints obtained from 2D off-resonance ROESY
experiments were divided into 5 distance classes, according
to their intensities. For equivalent protons or non-
stereospecifically assigned protons, pseudo-atoms were
introduced. Backbone ¢ and  torsion angle constraints were
obtained from a database search procedure on the basis of
backbone ('°N, HN, Be, Bee g, 13CB) chemical shifts
using the program TALOS [44]. Among the 400 preliminary
structures generated by CYANA 2.1 [45], 20 presented a
value of the target function smaller than 0.02 A% no distance
violation, and no violation on the dihedral angles ¢, y and
%x1- The 20 best structures (based on the final target penalty
function values) were further analyzed with PROCHECK
[46]. The r.m.s. deviations and visual display were
performed with the program MOLMOL [47] (see Table 2).

The coordinate files of these 20 conformers were used as
starting structures for the docking of the peptide on Akt2 PH
domain with the HADDOCK package [48]. The coordinate
files for Akt2-PHD were obtained from the RCBS Protein
Data Bank (PDB, 1P6S) [28]. Protein residues located in the
predicted interaction interface were defined as “active”.
These assignments were based on chemical shift mapping
data generated via NMR protein/peptide titration. In
addition, all active residues exhibit a relative solvent
accessibility > 50% as delineated by the program NACCESS
[49]. For the peptide Akt-in, “active” residues were those
which replacement by alanine led to a significant decrease in
affinity with Akt2-PHD. No residues in the protein, nor in
the peptide, were defined as being “passive” (residues with
solvent accessibility > 50% surrounding active residues).
Default HADDOCK parameters were used in the docking
procedure. Final structures were clustered using the program
ProFit  (httpp://www .bioinf.org.uk/software/profit/).  The
resulting clusters were analyzed and ranked according to
their average interaction energies.

RESULTS

Defining Binding Surfaces in the Akt-in: Akt2-PHD
Complex

We used a chemical shift perturbation strategy as previously
described [27], to define the binding site of Akt-in on the Akt2-
PHD surface. In the presence of Akt-in, the main perturbations
affect the peptide segment L52-E66, encompassing the C-
terminal end of the B4 strand, the turn between strands 4 and
35, and the whole B5 strand of the PH domain B-sandwich (Fig.
1). Additional significant perturbations affect the C-terminal
helix of the PH domain, wedged between the B1 and the B5
strands of the B-sandwhich. Other sparse perturbations are
observed for residues 174, 175, linked to the L52-E66 segment
via the C69-C77 disulfide bridge, or for the residue F88 deeply
buried in the  sandwich. Importantly, residues R15, G16, Y18,
119, belonging to the VL1 loop involved in the phosphatidyl
inositol phosphate (PtdInsP) binding site, also exhibit significant
chemical shift perturbations upon addition of Akt-in.

In contrast, NMR techniques such as STD experiments
[50] failed to reveal the Akt-in residues involved in the
interaction with the PH domain, probably because of a low
affinity (see below) associated with a relatively low
molecular weight for the target protein (15 kDa). Attempts to
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Fig. (1). Results of the chemical shift mapping experiment. (A) Bar
charts the cumulative chemical shift variation Ad against the residue
number for '"N-Akt2-PHD (100 uM) in the presence of 2 mM of
Akt-in inhibitor. Residues exhibiting chemical shift variations
beyond 16 and 26 (plain and dotted line, respectively) are indicated
with their sequence number in blue or red, respectively. (B)
Different views (180° rotation around the vertical axis) of the NMR
three-dimensional structure of Akt2-PHD presented as ribbons
(upper panels) or Van der Waals surface diagrams (bottom panels).
Colored residues indicate the footprint in the presence of Akt-in
determined by the NMR mapping: red residues represented
significant (> 20) deviation in the chemical shift of the amide
group, orange residues represented a modest (> 10) shift in the
study. Unaffected residues are shown in gray.

use the hybrid construct (GST-Akt2-PHD) in order to
increase the molecular weight was also unfruitful, probably
because the GST-tag is linked to the C-terminal end of Akt2-
PHD, masking the Akt-in binding site. Finally, in order to
reveal the Akt-in residues engaged in the interaction, the
contribution of each side chain of the peptide to Akt2-PHD
binding was investigated by systematic mutation of each
residue of Akt-in to alanine, ie, ala-scan. Each variant peptide
was then titrated as described below for Akt-in itself. The Kp
values obtained for all variants - presented relativev to the
wild-type peptide Kp, - are reported in Fig. (2). Importantly,
CD spectra recorded for each variant indicate that the
replacement of any residue with alanine residue does not
introduce structural distorsions (data not shown).
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Interestingly, the key amino acids were found to be located
in the hydrophobic L9-F15 C-terminal segment of Akt-in.
Replacing the tryptophan residues by Alanine yields a 5-fold
(W10A) to almost a 10-fold (W12A) decrease in affinity.
Substituting the C-terminal phenylalanine residue or L9 by
Ala yields a smaller decrease in affinity (2-fold to 3-fold,
respectively). Consistently, exchanging the charged C-
terminal residues E13 and K14 with a more hydrophobic
alanine residue yields a slight increase in affinity with regard
to the wild-type peptide. As a result, the Akz-in binding site
consists of the C-terminal hydrophobic residues, among
which W12 plays probably a central role in the binding to
Akt2-PHD.

10

D

kD(peptide) /' k_(Aktin)

A1 V2 T3 D4 H5 P6 D7 R8 L9 W10 A11 W12 E13 K14 F15
Position of substitution

Fig. (2). The role of each amino acid residue in Akz-in when
binding to Akt2 PH domain. Histogram shows the ratio of the kp
measured for each peptide variant — in which individual amino
acids were alanine-substituted — to the kp value measured for the
“wild-type” Akt-in peptide.

Kp Measurements

A series of HSQC experiments recorded at different Akt-
in:Akt2-PHD molar ratios were carried out, and the curves
were fit for the Kp with the equation given in Material and
Methods section. The cross-peak corresponding to the amide
group of M63, that exhibits the largest chemical shift
perturbations, was used as probe for these titrations (Fig. 3).
A Kp value of 3 = 0.7 mM was obtained for the Akt-in:Akt2-
PHD complex. We measured a Kp value of 55 +£ 20 mM for
the control peptide corresponding to the BC strand of TCL1
(see Material and Methods). The BC strand is involved in the
dimerization surface of TCL1, on the opposite face of the
Akt binding surface, and is not thought to bind to Akt2-PHD.
The affinity of related peptides, corresponding to the BA
strands of MTCP1 and TCL1b (see Material and Methods)
were also measured, but gave Kp values higher than those
obtained for Akt-in (Kp = 9 + 2 mMol and 68 £ 15 mMol,
respectively) (Fig. 3).

It was previously suggested that the inhibitory effect of
Akt-in could be due to a loss of affinity of Akt2-PHD for
phosphatidyl inositol-3,4,5-tris phosphate (PI(3,4,5)P;) [17].
PI(3,4,5)P; is the product of PI3K activation that triggers the
plasma membrane translocalization of Akt, a critical step for
the kinase activation. To ascertain whether the remote
chemical shift perturbations observed for residues involved
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Fig. (3). Peptide titration of Akt2-PHD. (Left) Selected region of ['H,!1N] 2D HSQC spectra of 9N-labeled Akt2-PHD ([100 uM] in 10
mM Tris buffer, 300 mM NaCl, pH 7.4) binding to Akt-in. Spectra were collected at peptide:protein ratio roughly of 0:1 (black), 5:1 (blue),
10:1 (red). (Right) Plots of the cumulative chemical shift variations (Ad) as a function of the peptide concentration. The solid curves fit to
equation [1] (Material and Methods). Filled circles correspond to titration by Akz-in, open circles to titration by the control peptide (3C strand
from TCL1), filled squares and filled diamonds to titration with the corresponding peptides (BA strand) from the MTCP1 and TCL1b

isoforms of TCL1.

in the phosphatidyl inositol pocket (VL1 loop) upon Akt-in
binding could reflect structural perturbations responsible for
a decrease in affinity for phosphatidyl Inositol phosphates,
we used NMR titration to measure the Kp of formation of the
Inositol-1,3,4,5-tetrakis phosphate (IP4):Akt2-PHD complex
in the presence or absence of Akt-in. IP, corresponds to the
water soluble polar head group of PI(3,4,5)P;, and as been
extensively used as a mimic of the phospholipide. Similarly,
the Kp of the IP4:Akt2-PHD complex was measured in the
presence of the protein TCL1. Cross-peaks corresponding to
the 8-NH, side chain resonances of N353, that exhibits the
largest chemical shift perturbation upon binding to 1P, [28],
was used as a probe for the titrations. The side chain amino
group of this residue is doubly H-bonded to both the D3
phosphate and the D4 phosphate of IP4 in the crystal
structure of Aktl-PHD bound to IP4 [51]. In the absence of
any ligands (TCL1 or 4kt-in), a Kp value of 141 + 9 uM was
obtained for the complex IP4:Akt2-PHD, compatible with
values from the literature [52]. In the presence of 10 uM
TCL1 or 5 mM Akt-in, the affinity remains virtually
unchanged (Kp =121 £ 5 uM or 156 £ 10 uM, respectively)

(Fig. 4).

Akt-in NMR Structure: Free Form and Bound to Akt2-
PHD

Regardless of the pH of the buffer used for solubilization,
the CD spectra suggest that the peptide is largely
unstructured in solution (Fig. 5), with minimum ellipticity
close to 200 nm and no positive signal around 190 nm. Thus,
we decided to undertake the NMR analysis of Akt-in at
pH=3, in order to overcome classical problems due to amide
proton exchange with water at high pH (even if further

studies in the presence of Akt2-PHD were performed at
neutral pH). Standard proton resonance assignments were
obtained via the sequential assignment strategy described by
Wiithrich ef al. [53], on the basis of the analysis of 2D
TOCSY and 2D off-resonance ROESY (Fig. 6) recorded at
7°C. The relatively low temperature for the study is inferred
to the stability of Akt2-PHD. Consistently with CD
spectroscopy, we observed very few long-range
connectivity’s either in the NOESY or ROESY spectra,
indicating an absence of regular structure in the peptide.

Thanks to the increased sensitivity of the NMR
cryoprobe, we were also able to record 2D heteronuclear
correlation experiments, namely ['H,*C]-HSQC, ['H,"C]-
HSQC-TOCSY and ['H,'°N]-HSQC, within reasonable
measuring times (3 hours, 7 hours, and 12 hours,
respectively). Starting from our previous proton resonance
assignment, all Co. and CB and most of aliphatic carbon
resonances were readily assigned using ['H,"*C]-HSQC,
['H,"*C]-HSQC-TOCSY recorded at 7°C. For the assignment
of amide nitrogen resonances, we recorded ['H,"’N]-HSQC
spectra at two temperatures (7°C and 17°C) in order to
overcome proton resonance overlapping. The complete
resonance assignment is presented in Table 1.

With Ho, HN, N, Co and CP resonance assignment
available, we were able to use the TALOS software in order
to define ¢ and y dihedral angles along the peptide sequence.
Again, this analysis indicates that the peptide is in a random-
coil conformation.

Finally, we used the transferred nOe technique [54] to
define the structure of Akt-in when bound to Akt2-PHD.
Since this 15 residue-long peptide exhibits negative nOe’s



70 The Open Spectroscopy Journal, 2009, Volume 3

115

65 PPM

Ropars et al.

ol V.
1/
/)
Y
V7
V4

1 10 100 1000
IP4] uM

0.8 r

AS (ppm)

Fig. (4). IP4 titration of Akt2-PHD. (Left) Selected region of [IH,ISN] 2D HSQC spectra of I5N-labeled Akt2-PHD (same conditions as in
Fig. (3), except that no NaCl was present in the buffer) binding to IP4. Spectra were collected at IP4:protein ratio roughly of 0:1 (black),
0.1:1 (blue), 1:1 (red). (Right) Plots of the cumulative chemical shift variations (Ad) as a function of IP4 concentration. The solid curves fit to
equation [1] (Material and Methods). Filled circles correspond to IP4 titration of Akt2-PHD alone in solution, open circles to IP4 titration of
Akt2-PHD in the presence of 5 mM Akz-in, filled diamond to IP4 titration of Akt2-PHD in the presence of 5 uM TCLI1.

when free in solution on a 2D NOESY recorded at 7°C, we
added an isotopic filter to the conventional 2D NOESY
experiment [36]. When using ’N-labeled Akt2-PHD, this
allowed us to suppress any nOe’s arising from amide proton
belonging to the protein and to observe only nOe’s arising
from the peptide resonances in the amide region of the
spectrum. Note that we were not able to adjust the
temperature in order to enhance the correlation time and to
suppress nOe’s from the peptide, since Akt2-PHD is
unstable beyond 10°C. Whatever the mixing time (100 ms to
500 ms) or the protein:peptide ratio (1/100 to 1/10), we did
not observe any additional nOe’s in the amide region of the
NOESY spectra recorded in the presence of Akt2-PHD,
suggesting that the peptide remains unstructured in the
bound state.

Despite the mass of evidences suggesting that Akt-in
exists in a random-coil conformation, we used the NMR
parameters to calculate a model for its “structure” using
CYANA. As a result, we obtain a bundle of 20 structures
(Fig. 6), more or less in an extended conformation that
should represent the accessible conformational space for the
peptide atoms. The statistics calculated on these 20 models
are presented in Table 2. Rather than representing a
“realistic” 3D model, these conformations were used as
“possible” starting structures in HADDOCK calculations.

Areas within Akt2-PHD that undergo significant
chemical shifts on average > 26 upon peptide binding were
used as a basis for determining “active” interface residues in
the Aktin:Akt2-PHD complex. On this basis, 11 residues
were selected: G16, Y18, V57, A58, L62, M63, K64, E66,
V74, F88 and M100. Among these residues, V57, V74 and
F88 were discarded since they are deeply buried in the

hydrophobic core of the B-sandwich. G16 and Y18, located
on the phosphatidyl inositol pocket, on the opposite face of
the molecule with respect to the remaining residues, were
also rejected. Indeed, titration experiments have shown that
Akt2-PHD affinity for IP4 is unaffected by the presence of
Aktin: the peptide is thus unlikely to bind on this site.
Finally, we retained 6 active residues for the protein, and 4
active residues for the peptide: L9, W10, W12 and F15,
responsible for a significant decrease in affinity when
exchanged by an alanine residue. For each modeling
procedure, a series of ambiguous interaction restraints were
generated between the active residues of the two molecules.
The docking procedure consisted of three stages: rigid body
energy minimization, semi-flexible refinement with
simulated annealing, and explicit water refinement. The
protocol resulted in 200 refined protein:peptide complexes,
which were subsequently clustered as a function of their
backbone RMSD from the lowest energy structure. Each
modeling protocol resulted in two main clusters (40% and
30% of the structures), arising from two possible orientations
of the peptide. For each peptide studied the lower energy
(best) solution cluster maps to the same region of Akt2-PHD,
consisting of an hydrophobic crevice between the B5 strand
of the B-sandwich and the C-terminal helix (Fig. 7). In the
two clusters, the hydrophobic C-terminal residues of the
peptide (L9, W10, W12 and F15) adopt an extended
conformation and are buried in the crevice, whereas the N-
terminal end points toward two opposite directions,
corresponding roughly to the N-terminal or the C-terminal of
the PH domain helix. Whatever the cluster, the N-terminal
end of Akt-in explores a large conformational space without
displaying any preferential conformation, consistent with
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what observed in the transfered nOe’s experiments. In the
two clusters, the two tryptophan residues adopt a similar
central position, exhibiting numerous hydrophobic contacts
with surrounding side-chains centered around M63 on the 35
strand and M100 on the o-helix (Fig. 7). In cluster 1, the
residue F15 is deeply buried in an hydrophobic pocket
consisting of residues 1103, V106, A107, K111 on the helix
and A58, C60 on the B5 strand, whereas it remains more
solvent exposed in cluster 2. In the two clusters, L9 shows
only few contacts with the protein, that involve mainly the
N-terminal R8 residue. Potential hydrogen bonds can also be
identified that involve mainly amide polar groups on the
peptide backbone or the indolic nitrogen of the tryptophane
side-chains.

DISCUSSION

The inhibitor Akz-in has been rationally designed from
the precise knowledge of the interacting surfaces deduced
from the 3D model of the Akt2-PHD:TCL1 complex
previously obtained through NMR and SAXS analysis [27].
The binding surface of TCL1 on Akt2-PHD, as revealed by
NMR and site-specific mutations of TCL1 [55, 56], involves
mainly residues located in the BA, BB, BE and BF strands of
the B-barrel structure, that form a continuous surface of

Fig. (6). Akt-in "H NMR study and 3D solution structure. All spectra were recorded on a 2 mM sample of Akz-in dissolved in water at pH 3
and 10°C. Cross-peaks corresponding to NH-Hao scalar correlations are labeled with the one letter code of amino acids and numbering of the
peptide. (A) Amide region of the 2D TOCSY spectrum. The vertical dotted lines indicate the intra-spin system scalar connectivities. (B)
Walk on the sequential dyy.y, connectivities (horizontal and vertical line) in an off-resonance 2D ROESY (black lines). For the sake of
clarity, the same region of the 2D TOCSY spectrum has been superimposed in red: the red cross-peaks corresponds to NH-Ha intra-residue
connectivities. (C) Bundle of 20 best CY ANA structures. The N- and C-terminal ends of the peptide are indicated.
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Tablel. Akt-in 'H, 3C and >N Resonance Assignment at 10°C, pH 3. Proton Chemical Shifts are given into Brackets
Residue | N (HN) (ppm) C*(H%) (ppm) CP (HP) (ppm) C (H) Others (ppm)
Al 130.1 (8.341) 52.53 (4.291) 19.14 (1.360)
V2 120.0 (8.370) 62.39 (4.177) 32.79 (2.092) C",21.18 (0.965); C2,21.18 (0.933)
T3 117.7 (8.281) 61.55 (4.334) 69.75 (4.165) C%,21.33 (1.145)
D4 121.3 (8.421) 52.78 (4.666) 38.19 (2.786, 2.824)
Hs5 119.0 (8.485) 53.31 (4.971) 28.55(3.081,3.164) | C%, (7.260); C', (8.559)
P6 63.45 (4.391) 32.22(1.891,2.265) | CY,27.33 (1.961, 1.986); C?, 50.74 (3.621, 3.641)
D7 119.6 (8.664) 53.00 (4.626) 37.95 (2.809, 2.875)
RS 121.8 (8.334) 56.21 (4.224) 43.20 (1.667,1.698) | CY,30.59 (1.479,.); C3, 26.87 (3.051, .); N, 89.252 (7.100)
L9 122.6 (8.154) 55.28 (4.260) 42.12 (1.493,1.388) | C7,26.98 (1.460); C*', 24.84 (0.864); C®, 23.39 (0.792)
W10 121.0 (7.886) 56.80 (4.576) 29.71(2.922,3.009) | C¥, (7.130); C%, (7.359); N¢', 129.2 (10.14)
All 124.9 (8.222) 53.27 (4.121) 18.86 (1.262)
w12 117.8 (7.675) 57.35 (4.514) 28.99 (3.256,3.295) | C, (7.272); C%, (7.483); N*', 129.9 (10.12)
El13 121.5 (7.754) 55.81 (4.101) 28.78 (1.716, 1.830) | C,32.56 (1.989,2.055)
K14 121.8 (8.053) 56.39 (4.088) 32.82(1.614,.) C7,24.63 (1.180, 1.236); C%,29.01 (1.584); Ct,41.87 (2.915,2.893); N,
112.6 (7.550)
F15 121.3 (8.158) 57.29 (4.601) 39.72 (3.188,2.982) | C3, (7.271); CY, (7.329); C, (.)

about 788 A? which is highly conserved among TCL1 family
members. The binding site of TCL1 on Akt2-PHD consists
in a ~ 830 A? surface comprising residues located in the C-
terminal o-helix, as well as residues located in the B4 and B5
strands on one face of the B-sandwich. In the present study,
chemical shift mapping experiments confirm that the binding
site of the peptide inhibitor Akt-in — that corresponds roughly
to the BA strand of TCLI1 - on Akt2-PHD spans the TCLI1
binding surface. Nevertheless, a closer look at the
HADDOCK peptide-protein complex models reveals
substantial differences in the mode of interaction. For
models gathered in cluster 2, the L9-F15 C-terminal peptide
segment adopts a similar orientation as the corresponding
peptide segment (L18-F24) in the complex TCL1:Akt2-
PHD. In these models, W10 (corresponding to W19 in
TCL1) exhibits few interactions with surrounding
hydrophobic side chains on Akt2-PHD (A58, E59, A107),
and its indole nitrogen is H-bonded to C60. The side chain of
W12 (corresponding to W21 in TCL1) gives rise to an
important interaction network involving hydrophobic side
chains on the PH domain (L62, M63, F73, M100, 1103), and
its backbone carbonyl is H-bonded to K64. Interestingly, in
the complex TCL1:Akt2-PHD, W19 occupies a similar
position as W12 in the cluster 2 models, establishing
numerous inter-molecular hydrophobic contacts with the C-
terminal helix of the PH domain (1103, Q104, A107). On the
other hand, W21 exhibits only intramolecular interactions
with side chains located on the loop connecting the 2 B-
meanders that forms the TCL1 B-barrel [21].

In cluster 1 models, the peptide has the reverse
orientation with regard to the TCL1 BA strand in the
TCL1:Akt2-PHD complex, and most of the hydrophobic
stabilizing intermolecular interactions involve residue F15
(F24 in TCLI1). Nevertheless, the contribution of W12

Table 2. Statistics Obtained form 20 CYANA Structures of

the Peptide Akt-in

Number of NOE distance restraints

intraresidue 4
sequential 43
Imedium-range (< 4) 4
total 51
Number of dihedral angle constraints (® and V) 2
Target function of CYANA (A% 0.02 +0.00
Ramachandran plot for residues 1 to 15 (%)
most favoured region 72.3
additionally allowed region 23.1
generously allowed region 4.6
disallowed region 0.0

Average r.m.s. deviation from mean structure for residues 1-15 (A)
backbone atoms 4.52+1.67

6.30 +1.40

heavy atoms

cannot be neglected: its aromatic side chain establishes
hydrophobic contacts with L62 and K64 on the B5 strand of
Akt2 PH domain, while its indole nitrogen is H-bonded to
M100 on the C-terminal helix. The side chain of W10 is
more solvent exposed and shows only hydrophobic contacts
with M63 and is H-bonded to L62 (indole nitrogen) and to
K64 (backbone carbonyl). In the 3D structure of TCL1, F24
is located in the turn connecting B1 and B2 strands with its
side chain looking at the inside of the barrel and establishing
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J

Fig. (7). NMR-derived models of the Akt-in:Akt2-PHD complex using the HADDOCK program. The left panels correspond to cluster 1 (40
% of the resulting structures), the right panels to cluster 2 (30% of the resulting structures). (A) Ribbon representation of the complex.
Colored residues in the protein indicate the footprint in the presence of Akt-in determined by the NMR mapping (same code as in Fig. 1). The
peptide backbone is colored in cyan; only the side chains of the active residues are reported (L9: yellow sticks; W10: pink sticks; W12: green
sticks; F15: dark blue sticks). (B) Zoom in the binding interface: the protein residues are displayed as Van der Waals surface (yellow:
hydrophobic residues; orange: polar residues; red: acidic residues; blue: basic residues), the peptide backbone as a light green solid ribbon.
Again, only the “active” hydrophobic side chains of the inhibitor are displayed with green sticks. (C) Schematic representation of the atomic
contacts at the interface between Akt-in and Akt2-PHD obtained with LigPlot [62]. The peptide (Molecule B) residues are in ball-and-stick
representation and labelled in blue. The protein (Molecule (A) residues that bring atoms H-bonded with the ligand are also displayed with the
ball-and-stick representation and labelled in red. H-bonds are represented as green dotted lines. Protein residues that exhibits hydrophobic
contacts with the ligand are labeled in black and represented as small red “brushes”. The hydrophobic network is displayed as black dotted
lines.
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only intramolecular interactions. The residue L18 is deeply
buried in the hydrophobic barrel of TCL1 and contributes to
the stability of the hydrophobic core, whereas Ala-scan
experiments have shown that the corresponding residue in
Akt-in (L9) contributes significantly to the interaction with
the PH domain. Similarly, replacing D7 (D16 in TCL1) with
an alanine residue does not affect the peptide affinity,
whereas site-directed mutations on TCL1 have previously
shown that D16 has a pivotal role for the interaction with
Akt2-PHD [38]. In summary, Akt-in binds a surface on Akt2
PH domain that indeed encompasses the binding site of
TCL1. As for the BA-strand of TCLI1, it adopts a similar
extended conformation (at least for the C-terminal “active”
residues) when bound to Akt2-PHD. But, the details of the
interaction revealed by the present study are clearly different
between the peptide-protein and protein-protein complexes.
Note that, since the mode of interaction between Akt-in and
Akt2-PHD should be markedly different than the one
between TCL1 and Akt2-PHD, it becomes difficult to assess
which models - cluster 1 or 2 - correspond to the “right”
solution, only on the basis of “rational” design.

In addition to allowing an accurate modeling of the
peptide: PH domain complex, Ala-scanning points out the
importance of the tryptophan residues for the peptide
affinity. In the two clusters, the tryptophan residues occupy a
central position in the interaction network, and appear as
mandatory residues for affinity. Indeed, the control peptide
corresponding to the BC strand of TCL1, that lacks the two
tryptophan residues at position 10 and 12 (Akt-in
numbering), has almost no affinity for the PH domain.
Interestingly and consistent with the Ala-scan experiment,
the peptides corresponding to the BA strand of either the
variant TCL1b or MTCPI1, that lacks WI12 (Adkt-in
numbering), show a significantly decreased affinity with
regard to Akt-in. Moreover, MTCP1 has been shown to
exhibit a 100-fold lower affinity for Akt2-PHD [27] when
compared to TCL1 (TCL1b affinity has never been measured
until now): if not completely related, it seems that the
interaction between Akt-in and Akt2-PHD might retain some
atomic features of the interaction between TCL1 and Akt2-
PHD.

Intriguingly, we observed a very significant discrepancy
between the peptide affinities measured in the present study
and reported previously [17]. The kinetic study of Akt-in
interaction with Akt2-PHD was previously performed by
Spot Matrix SPR technology: a dissociation constant of
about 20 M was reported, an about 100-fold value lower
than the kp measured in the present study using NMR
titration. Note that the kp values measured either by SPR,
fluorescence polarization or NMR titration for the
TCL1:Akt2-PHD complex were in perfect agreements (about
5 uM, whatever the technique used). A possible explanation
might be a non specific interaction of the peptide with the
matrix used in the SPR experiments that will give erroneous
results. On the other hand, a millimolar affinity is unlikely to
explain the cellular or in vivo effects observed with Akt-in
treatment, such as specific inhibition of Akt phosphorylation
and membrane translocation, in vitro inhibition of Akt-
dependent  cellular  proliferation,  stabilization  of
mitochondrial permeability transition, anti-apoptosis, or
tumor cell growth inhibition [17].

Ropars et al.

A possible solution to this disconcerting paradox might
reside in the molecular mode of action of Akt-in. In a
previous report [17], we postulated that the binding of Akt-in
to Akt2-PHD inhibits the association of the kinase to the
plasma membrane PtdIns. Indeed, NMR mapping study
suggest that Akt-in binding induces remote conformational
changes at the locus (Variable Loop 1) involved in the PtdIns
binding (Fig. 1A) that could disturb the interaction with the
lipid. In the present study, we show that if such remote
perturbations on the VL1 loop do exist, they do not affect the
PH domain affinity for IP4, the soluble polar head-group of
PtdIns. Indeed, Kp values measured for the complex
IP4:Akt2-PHD alone in solution or in the presence of Akt-in
is virtually identical. Another possible mechanism of action
for Akt-in might be postulated from the observation of the
models obtained for the peptide-protein complex. Whatever
the cluster under consideration, the binding to Akt2-PHD
involves only the C-terminal hydrophobic segment of Akt-in,
the rest of the peptide (segment A1-R8) remaining “free” in
solution. This segment might establish interactions with the
neighbouring Akt kinase domain in the entire molecule. The
kinase domain, bearing the catalytic site, is separated from
the pleckstrin homology domain by a 39-amino acid flexible
“inter-domain” region. In its cytoplasmic unphosphorylated
unactive form, the PH domain is thought to be folded over
the kinase domain. In this closed conformation, Akt cannot
be phosphorylated by PDKI1: the PH domain occludes the
activation loop, including the critical T309 residue, and
block access to the upstream activating kinase. When the PH
domain binds to the membrane, it umasks the critical Ser/Thr
residues on the kinase domain: Akt activation can proceed
[57]. Thus, several small molecules that can retain Akt in its
“closed” unactive cytoplasmic conformation, have been
proposed as “allosteric” Akt inhibitors [58]. We think that
Akt-in might have a similar mode of action, bridging the two
Akt domains through the simultaneous binding of the C-
terminal L9-F15 hydrophobic segment to the PH domain (as
described in the present study) and of N-terminal residues to
the kinase domain (to be investigated!). By this way, Akt-in
should be considered as a peptide harbouring two
pharmacophores: a first “fragment” binds to the PH domain,
a second “fragment” to the kinase domain. Considering the
simple rules elaborated in Fesik group [59, 60], the Kp, of the
entire peptide should be roughly equal to the product of the
kp of the two fragments. If we assume a similar (weak)
affinity between the N-terminal “fragment” and the catalytic
domain than the one measured in the present study between
the C-terminal “fragment” and the PH domain, we should
end with a micromolar affinity between Ak#-in and the entire
Akt molecule. And a micromolar affinity should be already
compatible with most of the cellular effects reported for Akt-
in. Of course, this assumption must be now verified. But, due
to the size of the full-length Akt molecule, others techniques
than NMR ones should be adressed to reach this goal. It is
noteworthy that, very recently, Huang and Kim [61] have
used chemical cross-linking and mass spectroscopy to probe
Akt-inhibitor interactions. They found that whether the
binding of Akt to an PtdIns analog inhibitors caused the open
interdomain conformation where the PH domain moved
away from the kinase domain, the interdomain conformation
remained unchanged after incubating with Akt-in. Using
additional data from interaction with unilamellar vesicles,
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they conclude that Akz-in impaired particularly the opening
of the PH domain for exposing T308 for phosphorylation at
the plasma membrane. These results strongly support our
present conclusions.

CONCLUSION

Tridimensional models have been obtained for the
complex Akt-in: Akt2-PHD through HADDOCK calculation
based on NMR chemical shift mapping of the protein and
peptide Ala-scanning. In all the models, a C-terminal
hydrophobic peptide segment binds a surface on Akt2-PHD
that encompasses the TCL1 binding site. Nevertheless, the
mode of interaction between Akt-in and the corresponding
BA strand in TCL1 is markedly different, underlying a
probably different mode of action. NMR titration
experiments revealed that the affinity between Akt-in and
Akt2-PHD is very weak and incompatible with the cellular
and in vivo effects observed after Akt-in treatment. This
prompted us to propose a new mechanism of action for the
peptide: Akt-in might bridge the PH domain and the kinase
domain of Akt, maintaining the kinase in a folded unactive
conformation. Such a model would conciliate the weak
affinity between Akt-in and Akt2-PHD measured in the
present study, and the in vitro and in vivo biological effects
previously reported.
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ABBREVIATIONS

DSS = 2,2-Dimethyl-2-silapentane-5-sulfonate sodium
salt

HSQC = Heteronuclear Single Quantum Correlation

1P4 = Inositol-1,3,4,5-tetrakis phosphate

PHD = Pleckstrin homology domain

PI = Phosphatidylinositide PKB, Proteine Kinase B

PtdIns, Phosphatidylinositol

T-PLL T-Cell Prolymphocytic Leukemia
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