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The serine—threonine protein kinase Akt is a direct downstream target of phosphatidylinositol
3-kinase (P13-K). The PI3-K-generated phospholipids regulate Akt activity via directly binding
to the Akt PH domain. The binding of PI13-K-generated phospholipids is critical to the
relocalization of Akt to the plasma membrane, which plays an important role in the process of
Akt activation. Activation of the PI3-K/Akt signaling pathway promotes cell survival. To
elucidate the structural basis of the interaction of P13-K-generated phospholipids with the Akt
PH domain with the objective of carrying out structure-based drug design, we modeled the
three-dimensional structure of the Akt PH domain. Comparative modeling-based methods were
employed, and the modeled Akt structure was used in turn to construct structural models of
Akt in complex with selected P13-K-generated phospholipids using the computational docking
approach. The model of the Akt PH domain consists of seven -strands forming two antiparallel
fB-sheets capped by a C-terminal a-helix. The 1—42, f3—f4, and f6—/57 loops form a positively
charged pocket that can accommodate the P13-K-generated phospholipids in a complementary
fashion through specific hydrogen-bonding interactions. The residues Lys14, Arg25, Tyr38,
Arg48, and Arg86 form the bottom of the binding pocket and specifically interact with the 3-
and 4-phophate groups of the phospholipids, while residues Thr21 and Arg23 are situated at
the wall of the binding pocket and bind to the 1-phosphate group. The predicted binding mode
is consistent with known site-directed mutagenesis data, which reveal that mutation of these
crucial residues leads to the loss of Akt activity. Moreover, our model can be used to predict
the binding affinity of PI13-K-generated phospholipids and rationalize the specificity of the Akt
PH domain for PI(3,4)P2, as opposed to other phospholipids such as PI(3)P and PI(3,4,5)P3.
Taken together, our modeling studies provide an improved understanding of the molecular
interactions present between the Akt PH domain and the PI3-K-generated phospholipids,
thereby providing a solid structural basis for the design of novel, high-affinity ligands useful

in modulating the activity of Akt.

Introduction

The serine—threonine protein kinase Akt [also called
protein kinase B (PKB) or related to A- and C-kinase
(RAC-PK)] is the downstream target of phosphatidyli-
nositol 3-kinase (P13-K).1™* PI3-K phosphorylates the
3-hydroxyl position of phosphatidylinositol (PI), phos-
phatidylinositol-4-phosphate [P1(4)P], and P1(4,5)P2 to
produce PI(3)P, PI(3,4)P2, and PI(3,4,5)P3, respec-
tively.5® The P13-K-generated phospholipids function as
second messengers to regulate Akt activity®”® by di-
rectly binding to the pleckstrin homology (PH) domain
of Akt.9~11 The binding of P13-K-generated phospholip-
ids to the PH domain of Akt causes the translocation of
Akt from the cytosol to the plasma membrane.12-18
Translocation of Akt to the plasma membrane brings
Akt in proximity to the membrane-bound protein kinase
3-phosphoinositide-dependent protein kinases 1 and 2
(PDK1 and 2) that phosphorylate and activate Akt.219-23
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Akt plays an important role in the signaling network
that controls cell growth. The upstream signal stem-
ming from PI13-K is negatively regulated through de-
phosphorylation of the 3-position of the phosphoinosit-
ides by the tumor suppressor phosphatase—tensin
homologue PTEN/MMAC,?* mutations of which are
frequently found in a number of human cancers.?526
Such mutations lead to elevated levels of PI(3,4,5)P3
and Akt activity.?” Akt likely leads to enhanced cell
survival through the phosphorylation of a number of
downstream targets, including the pro- and anti-apop-
totic Bcl-2 family member Bad,?82° the cell death
pathway enzyme caspase-9,3° and the glycogen synthase
kinase 3 (GSK-3).3132 Activation of the PI3-K/Akt
signaling pathway inhibits apoptosis in a variety of
cancer cells and is crucial to promoting cell survival.33-40
Thus, PI3-K and Akt represent novel targets for the
discovery of drugs that may induce apoptosis in cancer
cells in which Akt is overexpressed.

The PH domain is a structural module comprised of
approximately 100 residues that has been identified in
a large variety of proteins, many of which play a role in
cellular signaling, cytoskeletal organization, or mediat-
ing protein—protein interactions that require association
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with the cell membrane.*242 Although these PH domains
lack primary sequence similarity, their three-dimen-
sional (3D) structures are remarkably conserved.#243 PH
domains specifically recognize and bind to phospholip-
ids, which play a pivotal role in the regulation of
intracellular signaling. Based upon the specificity of
binding to phospholipids, PH domains can be grouped
into three types, representatives of which are phospho-
lipase C-6 (PLCJ0), Bruton’s tyrosine kinase (BTK), and
Akt. The binding of the PLC6 PH domain to PI(4,5)-
P244 is important for its targeting to the plasma
membrane, and this leads to enhanced enzymatic activ-
ity?> which can be inhibited by p-myo-inositol-1,4,5-
trisphosphate [1(1,4,5)P3].#6 The PH domain of BTK
binds to PI(1,3,4,5)P4 and PI1(1,4,5)P3 with high affin-
ity;*748 this binding interaction serves to translocate
BTK to the plasma membrane, which thereby facilitates
the phosphorylation and activation of BTK by the Src
family tyrosine kinases.?02149 The Akt PH domain
specifically binds both PI1(3,4)P2 and PI(3,4,5)P3 with
comparable binding affinity, but only PI1(3,4)P2 activates
Akt_9711,50

Although the structures of a number of PH domains
have been determined by X-ray and NMR methods,*3
the structure of the Akt PH domain has not been
determined by experiment. We were interested in gain-
ing a better understanding of the structural basis of the
selectivity and activation of Akt by certain PIPs and to
use this information to carry out the structure-based
design of ligands that might block Akt activation.
Herein, we report our modeling studies of the 3D
structure of the Akt PH domain and of the complexes
formed between the modeled Akt PH domain and PI13-
K-generated phospholipids.

Materials and Methods

Structure of PH Domain. The 3D structures of several
PH domains have been determined by X-ray crystallography
and NMR spectroscopy.*® These studies reveal that the PH
domains from S-spectrin, pleckstrin, dynamin, PLCJ, and BTK
are very similar.51-5 The core structure of the PH domains is
composed primarily of seven f-strands, which form two anti-
parallel 5-sheets, together with a C-terminal a-helix. The loops
linking the neighboring g-strands, particularly the f1—32, 53—
B4, and 6—[7 loops, are variable in length and in sequence.
These loops are located at the opposite surface of the C-
terminal a-helix and form the phospholipid-binding pocket.

Homology Modeling. The sequence alignment of PH
domains was retrieved from the protein family database of
alignment.56~%8 The secondary structural information obtained
from the consensus prediction method,>*% and the Protein
Data Bank (PDB) summary database® for the sequences and
structures of the PH domains was used to adjust the sequence
alignment, since the accuracy of the modeled structure is
greatly dependent on the quality of the sequence alignment.
The final sequence alignment was checked using the structure—
structure alignment taken from the FSSP database.5%63
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Modeling was carried out on a Silicon Graphics Indigo2/
IMPACT 10000 workstation using the Insightll and Discover
programs (Molecular Simulation, Inc., San Diego, CA). The
core structure of the Akt PH domain was modeled based on
the sequence alignment using the crystal structure of BTK
(PDB entry 1BWN)® as the template. Amino acid substitutions
were built using a side chain rotamer library. Deletions and
insertions were constructed by means of the loop database
search.5% The initial model was refined in a stepwise manner
by energy minimization using the Amber force field.5"¢® First,
the loops were refined with 500 steps of minimization with a
fixed and a free backbone, respectively. Then, all side chains
with a constrained backbone were minimized for 500 steps,
followed by another 2000 steps of minimization for the whole
model. The final model was checked for its quality using the
program PROCHECK.® The electrostatic potential of the
model of the Akt PH domain was calculated with the program
Delphi implemented in Insightll.

Docking. The structures of P1(3)P, PI1(3,4)P2, and PI1(3,4,5)-
P3 were constructed using the structure of Ins(1,3,4,5)P4
extracted from the crystal structure of BTK (1BWN.pdb) in
complex with this inositol phosphate. As our present modeling
studies focus only on the interaction of the PIPs with the PH
domain of Akt and do not consider the interaction of their lipid
fragments with the membrane, the lipid chains of the modeled
PIPs were shortened to —OPO3;CH,CH(OCOC;Hs)CH,OCOC;Hs.

Computational docking was performed using a flexible
docking method FlexX.”® First, the known protein—ligand
complexes of PH domains taken from the PDB,™ including
1BWN.pdb% and 1MAI.pdb,>* were employed to validate the
quality of the PH domain—phospholipid complex achieved by
the FlexX program. Then, the P13-K-genrated phospholipids
PI(3)P, PI(3,4)P2, and PI(3,4,5)P3 were docked sequentially
into the positively charged pocket formed by the f1—52, 53—
p4, and 6—p7 loops of the model of the Akt PH domain.

The conjugate algorithm, implemented in the Insightll/
Discover program, was used in the energy minimization. The
complex models of PI(3)P, PI(3,4)P2, and PI(3,4,5)P3 were
energetically minimized for 5000 steps or until an energy
gradient of less than 0.005 kcal-mol~1-A-1 was achieved. The
complex structures were then solvated with a 10 A water
sphere, and the same minimization was performed.

Analysis of the Hydrogen-Bonding Interactions. Hy-
drogen-bonding interactions play a pivotal role in the binding
of the inositol analogues to the PH domains, as revealed by
the available X-ray crystal structures.5*~5564 A hydrogen bond
involves four atoms: D, H, A, and AA (donor, hydrogen,
acceptor, and acceptor antecedent), and its strength depends
on both the nature of the donor and acceptor atoms and the
geometrical parameters such as the distance rpa and the angles
Op-1-a and Oy-a-aa. The molecular dynamics (MD) simulation
was used to examine the hydrogen-bonding interactions of the
Akt PH domain with the P13-K-generated phospholipids.

The MD simulations were performed on a Beowulf cluster
with 450-MHz Pentium I1l1 CPU processors, using a stand-
alone version of the CHARMM program,’? version c27b2, and
the all-atom version 22 force field.”®7* The energetically
minimized models of the Akt PH domains in complex with PI-
3)P, PI(3,4)P2, and PI(3,4,5)P3 were used as the starting
structures in the MD simulations. The MD simulation was
carried out with a 5-ps heating period, a 100-ps equilibration,
and a 200-ps constant temperature simulation at 300 K with
a step size of 0.001 ps. Trajectories were recorded every 0.1
ps during the simulations. A shake algorithm was used to
constrain all bonds involving hydrogens.”

Upon the basis of the trajectories of the MD simulations,
we examined the hydrogen-bonding interactions dynamically
and measured the distance rpa and the angles 6p-n-a and
On-a-na as well as the hydrogen-bonding energy.

Prediction of Binding Affinities. To further examine the
quality of the models of the Akt PH domain in complex with
P13-K-generated phospholipids, the empirical approaches
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Figure 1. Sequence alignment of PH domains. The SWISS-PROT accession numbers or PDB entries are indicated at the end of
the sequences. Secondary structure information of the Akt PH domain and the template protein, BTK_human, are shown above
and below the sequence alignment, respectively. The Akt activity-abolishing mutations (K14A, R15A, W22A, R25A/C/E, and P42A)

are indicated at the top of the sequence alignment.

SCORE’® and ChemScore’” were employed to estimate the
binding affinities of P13-K-generated phospholipids to the Akt
PH domain.

Results and Discussion

Sequence Alignment. Because the PH domains
share only limited sequence similarity, the general
methods of sequence search and sequence alignment,
such as ClustalWw and Blast,”®82 cannot be used to
obtain an accurate sequence alignment for these PH
domains. Therefore, the protein family database was
employed to retrieve the sequence alignment of the Akt
PH domain with other known PH domains. The protein
family database is a database of multiple sequence

alignment of protein domain families which is organized
based upon their hidden Markov model profiles.56-58
From the protein family database, the sequence align-
ment was retrieved for more than 150 PH domains.
After making adjustments based upon secondary struc-
ture information with further checks being made by
structure—structure alignment (FSSP database), the
required sequence alignment was selected for modeling
of the Akt PH domain (Figure 1).

Although PH domains have only limited sequence
similarity, multiple sequence alignment shows that
these PH domains have seven common blocks of un-
gapped segments, which respectively correspond to
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seven secondary structural segments of the template
protein: 51, 2, 53, 54, 55, 6, and (57 + ). In addition,
the predicted secondary structure elements of the Akt
PH domain are distributed similarly to those of the
template protein (Figure 1). Specifically, the aligned
sequences share a similar distribution of charged and
hydrophobic residues. From a comparison of the align-
ment of all 164 seed sequences in the protein family
database,?® the aligned sequences have five strikingly
conserved residues including three aromatic residues
(tryptophan in block 2 and two phenylalanines in block
7), one basic residue (arginine in block 4), as well as
one hydrophobic residue (leucine in block 7). All of these
features in multiple sequence alignment reflect the
structural conservation of the PH domains at the level
of the amino acid sequence. Accordingly, this sequence
alignment (Figure 1) can be employed to model the
structure of the Akt PH domain.

An examination of the PDB reveals that there are
only three structures available of a PH domain in
complex with an inositol phosphate. Two of these are
the PH domains of spectrin § (1BTN.pdb) and PLCo1
(IMAI.pdb) in complex with b-myo-inositol-1,4,5-triph-
osphate; the third is the BTK PH domain in complex
with inositol-1,3,4,5-tetrakisphosphate (1BWN.pdb and
1B55.pdb). BTK, as well as Akt, functions downstream
of PI3-K which generates the phospholipids necessary
for their activation.1220.21.4% The N-terminus of the Akt
PH domain is essential for PI1(3,4)P2-mediated stimula-
tion,% while the N-terminus of the BTK PH domain
plays a key role in the binding of PI1(3,4,5)P3.%* Fur-
thermore, the Akt activity-abolishing mutations local-
ized at the N-terminus of the Akt PH domain, Lys14Ala,
Trp22Ala, and Arg25Ala/Cys/Glu,1%14.83 are homologous
with the X-linked agammaglobulinemia-causing muta-
tions of the BTK PH domain, Lys12Arg, Phe25Ser, and
Arg28Cys/His/Pro, respectively.8* Thus, the crystal struc-
ture of the BTK PH domain (1BWN.pdb) was used as
the template for modeling the Akt PH domain.

The Akt PH domain, in comparison to the template
protein, has two insertions of 2 and 3 residues, as well
as three deletions of 5, 5, and 24 residues. All of the
insertions and deletions are localized to the loops
connecting the neighboring secondary structure ele-
ments.

Structural Model of the Akt PH Domain. The
model of the Akt PH domain, showing an acceptable
Ramanchandran plot and other stereochemical param-
eters under protein structure verification, consists of
seven f-strands and a C-terminal o-helix (Figure 2),
each of which corresponds to one sequence block,
respectively (Figure 1). The core structure of the model
of the Akt PH domain is composed of an antiparallel
pB-sandwich of two sheets, one end of which is capped
by the C-terminal a-helix. In the sandwich, the N-
terminal half of the Akt PH domain forms a four-
stranded antiparallel 5-sheet that packs almost orthogo-
nally against the second -sheet of three strands (Figure
2). Hydrophobic side chains from both the p-sheets
project into the center of the domain to generate the
hydrophobic core.

The surface electrostatic potential shows that the
model of the Akt PH domain is electrostatically polar-
ized (Figure 2). The p1—p2, 3—/4, and p6—p7 loops
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(a) (b)

Positively charged pocket

Figure 2. Structural model of the Akt PH domain. (a)
Schematic drawing of the model. The -strands, a-helix, turn,
and coils are shown as the yellow arrow, red cylinder, blue
ribbon, and green ribbon, respectively. (b) Electrostatic surface
of the model with the same view as in panel a. Negative
potential is shown in red, positive potential in blue. One
positively charged pocket is formed by the f1—32, 33—/4, and
B6—/7 loops.

form a positively charged face on one side of the domain,
while the opposite face, containing the C-terminal
a-helix, is negatively charged.

Docking. The FlexX is a fast docking program for
predicting protein—ligand interactions,’® in which the
placement algorithm of the base fragment was em-
ployed.

As described in the Introduction, based upon the
specificity of binding to phospholipids, PH domains can
be divided into three groups. Their representatives
include the BTK PH domain in complex with P1(1,3,4,5)-
P4 (1BWN.pdb) and the PLCO PH domain in complex
with PI1(4,5P2 (1MAIl.pdb) as determined by X-ray
crystallography, as well as the Akt PH domain which
binds PI(3,4)P2. To examine the accuracy of the interac-
tion of the PH domain with phospholipids predicted by
the FlexX program, the crystal structures of the BTK
PH domain in complex with PI1(1,3,4,5)P4 (1BWN.pdb)
and the PLC6 PH domain in complex with PI(1,4,5)P3
(IMAI.pdb) were used to perform the docking test. The
results are presented in Table 1.

The experimentally observed structures of the BTK
PH domain in complex with PI(1,3,4,5)P4 and the PLCo
PH domain in complex with P1(1,4,5)P3 are reproduced
by the docking test with 1.3 and 1.1 A rms deviation.
Most importantly, the interaction mode revealed by the
crystal structures is almost identical to that predicted
by the FlexX program. For the BTK PH domain in
complex with PI(1,3,4,5)P4, the crystal structure re-
vealed that the hydrogen bond networks are formed
between the 1-, 3-, 4-, and 5-phosphate groups and the
eight residues Lysl12, GIn15, Lys17, Lys18, Ser21,
Asn24, Arg28, and Tyr39. These hydrogen bond net-
works are approximately reproduced by the FlexX
docking test with only two exceptions: GIn16 and Asn24
(Table 1). The experimentally observed hydrogen bond
interactions in the crystal structure of the PLC6 PH
domain in complex with P1(1,4,5)P3 are also reproduced
by the FlexX program except for one binding residue:
Ser55 (Table 1). Thus, our results suggest that the
FlexX program may be used to predict the interaction
mode of P13-K-generated phospholipids with the model
of the Akt PH domain.
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Table 1. Comparison of Hydrogen Bond Interactions Predicted
by FlexX and Retrieved from Crystal Structures.

hydrogen bond interactions
PDB rms (A) predicted by FlexX

1IBWN 1.342 Lysl2 1HB with3-PG2 Lysl2 2 HBs with 3-PG
1 HB with 4-PG 1 HB with 4-PG
GInl5 1 HB with4-PG GIn15 1 HB with 4-PG
GIn16 1 HB with 5-PG

X-ray structure

Lysi7 2 HBswith 5-PG
Lysi8 1HBwith5-PG Lys18 1 HB with 5-PG
Ser21 2 HBswith 5-PG Ser21 1 HB with 5-PG

Asn24 1 HB with 1-PG
Arg28 1HBwith 3-PG  Arg28 2 HBs with 3-PG
Tyr39 1HBwith4-PG Tyr39 1 HB with 4-PG

IMAI 1144 Lys30 1HBwith4-PG Lys30 2 HBs with 4-PG
1 HB with 5-PG
Lys32 1HB with 4-PG Lys32 1 HB with 4-PG
Trp36 1HBwith1-PG Trp36 1 HB with 1-PG
Arg40 2 HBs with 5-PG Arg40 2 HBs with 5-PG
Ser55 1 HB with 5-PG
Arg56 1 HB with5-PG Arg56 1 HB with 5-PG
Lys57 1HB with 4-PG Lys57 1 HB with 4-PG
1 HB with 5-PG 2 HBs with 5-PG

aHB and PG represent hydrogen bond and phosphate group,
respectively.

Thr21

(b)

Arg8s

L

Figure 3. Complex model between the Akt PH domain and
PI1(3,4)P2. The lipid chain of PI(3,4)P2 was truncated to
—OPO3;CH,CH(OCOC;Hs5)CH,OCOC;,Hs as described in con-
text. (a) Shown in the same orientation as in Figure 1. PI-
(3,4)P2 is located among the f1—52, f3—4, and $6—/37 loops.
The residues of Akt-abolishing mutations are displayed by
o-carbon atoms. (b) View is rotated —45° along the y axis of
panel a. The PI(3,4)P2 molecule is placed in the positively
charged binding pocket in a complementary fashion. (c) View
is rotated —60° along the y axis of panel a. The 3,4-phosphate
groups are anchored via hydrogen bonds with Lys14, Arg25,
Tyr38, Arg48, and Arg88. The 1-phosphate group forms
hydrogen-bonding interactions with Thr21 and Arg23.

Complex Models and Ligand—Akt Interaction.
In the complex models of the Akt PH domain with PI3-
K-generated phospholipids, the ligands are situated in
a complementary fashion within the positively charged
pocket surrounded by the p1—p52, f3—p4, and 6—[7
loops (Figure 3). In the positively charged pocket, the
phospholipid-binding site is comprised mainly of seven
residues, including Lys14, Thr21, Arg23, Arg25, Tyr38,

Rong et al.

Arg48, and Arg86. In the model of the Akt PH domain,
these phospholipid-binding residues, Lysl14, Thr21,
Arg23, Arg25, Tyr38, Arg48, and Arg86, are sequen-
tially distributed at the end of 51, the end of the f1—(2
loop, the beginning of 52, the middle of 32, the middle
of 53, the middle of 54, and the beginning of 7. Most
of the interactions are charge—charge interactions with
hydrogen bonding between the phosphate groups and
the positively charged amino acid residues.

In the complex model of the Akt PH domain with PI-
(3,4)P2 and PI(3,4,5)P3, there exist two sets of hydrogen
bond networks. The first set is formed between the 3-
and 4-phosphate groups and the residues Lys14, Arg25,
Tyr38, Arg48, and Arg86. Although these residues
originate from different g-strands, the conformation of
their side chains is able to accommodate the conforma-
tion of the 3- and 4-phosphate groups. All of these 3-
and 4-phosphate-binding residues form a “claw” at the
bottom of the binding pocket to capture the 3- and
4-phosphate groups through eight hydrogen bonds.
Thus, this hydrogen bond network may play an impor-
tant role in the recognition of appropriate phospholipids
by the PH domain. The second set of hydrogen-bonding
networks is formed between the 1-phosphate group and
residues Thr21 and Arg23. Thr21 forms one hydrogen
bond with the 1-phosphate group, while Arg23 interacts
with the 1-phosphate group through two hydrogen
bonds. The 1-phosphate-binding residues, Thr21 and
Arg23, form a “pincer” at the wall of the binding pocket
to fix the orientation of the phospholipids. Therefore,
this second hydrogen bond network is likely to direct
the orientation of the lipid portion of the phospholipid.

Analysis of Hydrogen-Binding Interactions. Be-
cause the hydrogen bond interactions between the
1-phosphate group and the “pincer” residues situated
at the wall of binding pocket are very similar among
the phospholipids PI(3)P, PI(3,4)P2, and PI1(3,4,5)P3, our
analysis of the hydrogen bond interactions focuses only
on the “claw” residues located at the bottom of binding
pocket, which include Lys14, Arg25, Tyr38, Arg48, and
Arg86. Based upon the MD trajectories of the 3D
structural models, the averaged distance rpa and the
angles Op—p—a and O—a—aa, as well as hydrogen-bonding
energies, were calculated for the Akt PH domain in
complex with PI(3)P, PI(3,4)P2, and PI1(3,4,5)P3. These
data are shown in Table 2.

Comparison of the complex models between the PI3-
K-generated phospholipids and the Akt PH domain as
well as their estimated hydrogen-bonding energies
shows that the 3- and 4-phosphate groups of PI1(3,4)P2
and PI(3,4,5)P3 interact with the Akt PH domain
through eight hydrogen bonds in a similar fashion. The
3-phosphate group forms five hydrogen bonds: two with
the two amide hydrogen atoms of the side chain of
Lysl4, two with the amide hydrogen and e-amide
hydrogen of the side chain of Arg25, and the other with
the amide hydrogen of the side chain of Arg48. The
hydrogen bond energies (Table 2) show that, among
these five hydrogen bonds, three hydrogen bonds with
Arg25 and Arg48 have more negative hydrogen bond
energies (Eps ~ —3.3 kcal/mol) and smaller fluctuation
(deviation of Eyg ~ 0.1—0.3 kcal/mol). Obviously, the
three hydrogen bonds stemming from the interactions
of the 3-phosphate group with Arg25 and Arg48 are
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Table 2. Hydrogen-Bonding Energies Calculated Based Upon the MD Trajectories

compd donor acceptor roa (A) Op-n-a (deg) Oa-n-aa (deg) Eng (kcal/mol)
P1(3,4,5)P3 NH (side chain, Arg25) Oli-pg) 2.77 £0.10 146.0 = 9.4 12194+ 9.8 —3.314+0.10°
NH1 (side chain, Lys14) 023-pg) 3.99 £ 0.16 90.1 + 114 63.5+4.2 —1.87 £0.28
NHE (side chain, Arg25) 02(3-pg) 2.76 £0.10 126.8 + 9.8 86.53 £ 4.2 —3.28£0.22
NH2 (side chain, Lys14) 03(3-pg) 2.47 £0.08 108.6 + 10.5 86.8 £4.8 —1.49 +0.92
NH (side chain, Arg48) O4(3-pg) 277 £0.13 118.6 + 15.2 1272+ 7.3 —3.26 £ 0.28
NHL1 (side chain, Arg86) Olu-rg) 3.11 £0.20 121.4 + 135 86.0 8.8 —3.26 £ 0.26
OH (side chain, Tyr38) 02(4-pc) 3.70 £ 0.32 130.5 +13.9 76.4 + 145 —2.48 + 0.63
NH2 (side chain, Arg86) 03-pc) 2.76 £ 0.10 141.6 £ 9.3 85.1 £ 13.2 —3.28+0.22
total —22.23
PI(3,4)P2 NH (side chain, Arg25) Ol-pg) 2.64 +0.08 139.6 + 11.6 132.2 + 16.2 —2.92 +0.36
NHL1 (side chain, Lys14) 02(3-pg) 4.33+£0.20 99.6 £ 24.3 43.7 £ 3.8 —1.14 £ 0.46
NHE (side chain, Arg25) 02(3-pg) 3.00 £0.19 151.0 + 10.6 151.0 + 10.6 —3.36 £ 0.22
NH2 (side chain, Lys14) 03(3-pg) 3.81+£0.18 56.3 £ 32.0 70.4 + 85 —2.17 £ 0.29
NH (side chain, Arg48) Odg-pg) 2.90 +0.18 116.0 + 14.1 137.6 £ 9.3 —3.35 + 0.20
NH (side chain, Arg86) Olu-pg) 3.14 £ 0.32 1349 £ 12.7 131.8 £10.2 —3.13 £+ 0.40
OH (side chain, Tyr38) 02(4-pg) 4.02 +£ 0.67 68.9 + 48.2 101.9+19.4 —1.80 +£1.37
NH (side chain, Arg86) 03(-pc) 2.70 £0.09 133.2+17.1 102.3 + 135 —3.11+0.34
total —20.98
PI(3)P NH (side chain, Arg25) Olg-pg) 2.82 +£0.15 137.7 £ 9.6 852+ 5.2 -3.33+0.21
NHL1 (side chain, Lys14) 02(3-pg) 5.01 £0.35 50.5+5.0 81.8 £6.8 —0.17 £ 0.37
NHE (side chain, Arg25) 02(3-pg) 2.86 £0.10 138.6 + 8.5 148.4 + 10.6 —3.44 £ 0.09
NH (side chain, Arg48) 0O33-pg) 3.44 +0.33 67.3+7.2 70.2+54 —3.12 £ 0.33
total —10.06

a PG represents phosphate group. P Average value + standard deviation.

stronger and more stable than other two hydrogen
bonds originating from Lys14 (Table 2). The 4-phos-
phate group forms three hydrogen bonds: one with the
hydroxyl hydrogen of Tyr38 and the other two from the
two amide hydrogen atoms of the side chain of Arg86.
Comparison of these reveals that the two hydrogen
bonds with Arg86 are stronger and more stable than
the one from Tyr38. Although the PI(3,4)P2 and PI-
(3,4,5)P3 interact with the Akt PH domain in a similar
fashion, the location of PI1(3,4,5)P3 within the binding
pocket as well as the orientation of its lipid portion is
obviously affected by the presence of the 5-phosphate
group.

In contrast to P1(3,4)P2 and PI(3,4,5)P3, PI(3)P has
only one phosphate group that could interact with the
binding residues located at the bottom of binding pocket.
The complex model and the predicted binding affinity
reveal that only four hydrogen bonds are formed with
the residues Lys14, Arg25, and Arg48. Thus, the binding
of PI(3)P to the Akt PH domain is relatively weak.

Previous site-directed mutagenesis studies showed
that the mutations, Lys14Ala, Trp22Ala, and Arg25Ala/
Cys/Glu, abolish the activity of Akt.83 The predicted
interaction mode is consistent with these mutation data,
as such mutations would be expected to substantially
reduce the strength of the PH domain—phosphate
interactions. The mutations Lys14Ala and Arg25Ala/
Cys/Glu result in the loss of four hydrogen bonds to the
3-phosphate group. The mutation Trp22Ala would affect
the orientation of the side chains of Thr21 and Arg23,
thereby weakening the interactions of Thr21 and Arg23
with the 1-phosphate group and thus influencing the
orientation of the lipid portion of the phospholipids.

Some mutagenesis of the non-phospholipid-binding
residues located on the 1—£2 and $3—/4 loops revealed
that the 51—/52 and 33—/34 loops interact substantially
with the negatively charged phospholipid headgroup
region of the membrane.5485-87 For example, the muta-
tion Glud4lLys on the BTK PH domain results in
constitutive activation of BTK, probably because the

positively charged Lys which substitutes Glu4l is
beneficial to the association of the BTK PH domain to
membrane.8® The Glu54Lys mutation of the PLCS PH
domain leads to a similar gain in protein function.8® In
the model of the Akt PH domain in complex with PI-
(3,4,5)P3, the negatively charged 5-phosphate group of
P1(3,4,5)P3 extends outside and proximal to the f1—2
loops. This exposed negatively charged phosphate group
is likely to be unfavorable to the binding of the Akt PH
domain to the phospholipid bilayer, which may explain
why PI1(3,4,5)P3 fails to activate Akt although it binds
to the Akt PH domain with an affinity similar to that
of PI(3,4)P2.

Specificity of the Akt PH Domain. In comparison
to the structure of the BTK PH domain, the f1—32 and
B3—p4 loops of the Akt PH domain are shorter and the
B6—p7 loop is longer (Figure 4). The 1—/52 loop of the
BTK PH domain contains three 5-phosphate-binding
residues (Lys17, Lys18, and Ser21), whereas no residues
on the shorter f1—£2 loop of the Akt PH domain are
available to interact strongly with the 5-phosphate
group. Although there exist three potential hydrogen
bond-forming residues (Argl5, Tyrl8, and Lys20), their
side chains are all directed outside of the binding pocket,
and thus they cannot contribute to ligand binding. The
sequence alignment and the 3D structures of the Akt
and BTK PH domains show that some 3- and 4-phos-
phate-binding residues are located at conserved posi-
tions. For example, the 3- and 4-phosphate-binding
residues of the Akt PH domain, namely Argl4, Arg25,
and Tyr38, correspond respectively to Lys12, Arg28, and
Tyr39 of the BTK PH domain. In the Akt PH domain,
there are two other nonconserved 3- and 4-phosphate-
binding residues, Arg48 and Arg86, which alter the
orientation of PI(3,4)P2 bound to the Akt PH domain
from that of Ins(1,3,4,5)P4 bound to the BTK PH domain
(Figure 4).

In contrast to the Akt PH domain, the PLC/1 PH
domain has the shorter f1—42, f3—p4, and 6—/7 loops.
The A3—p4 loop of the PLCO61 PH domain is not
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Figure 4. Binding sites and specificity of PH domain. (a) Interactions between the Akt PH domain and PI1(3,4)P2. (b) Interactions
between the PLC1 PH domain and p-myo-inositol-1,4,5-triphosphate [p-myo-Ins(1,4,5)P3]. (c) Interaction between the BTK PH
domain and inositol-1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)P4]. The f1—52, f3—p4, and $6—/7 loops are yellow, green, and light
blue, respectively. (d) Sequence alignment of the beginning three j-strands of the Akt, PLCJ1, and BTK PH domains extracted
from Figure 1. The residues contributing to phospholipid-binding specificity are indicated by the position number of the phosphate
groups at the top of the sequences. The secondary structures are shown at the bottom of the sequences.

extended and is closer to the f1—/2 loop. It is interesting
to note that the 5-phosphate-binding residues are
contributed mainly by the 3—p4 loop, whereas the
4-phosphate-binding residues originate primarily from
the $1—52 loop. Thus, the orientation of b-myo-Ins-
(1,4,5)P3 complexed with the PLC61 PH domain is quite
different from that of P1(3,4)P2 complexed with the Akt
PH domain (Figure 4).

Akt Activity-Abolishing Mutations. Site-directed
mutagenesis studies have shown that four mutations
of Lysl4Ala, Argl5Ala, Trp22Ala, and Arg25Ala/Cys/
Glu abolish the activity of Akt.101483 In the model of
the Akt PH domain, these four Akt activity-abolishing
mutations appear at the positively charged phospho-
lipid-binding pocket.

The two residues Lys14 and Arg25 are situated at the
bottom of the positively charged pocket (Figure 3), and
their side chains can directly interact with the 3- and
4-phosphate groups borne by the phospholipids. Accord-
ing to the predicted interaction mode, the mutations of
Lysl14Ala and Arg25Ala/Cys/Glu could lead to the loss
of four hydrogen bonds between Lys14 and Arg25 with

the 3-phosphate groups. Thus, the Akt mutants of
Lysl4Ala and Arg25Ala/Cys/Glu do not bind PI13-K-
generated phospholipids, probably as a consequence of
the loss of these two important, positively charged
binding residues at the bottom of phospholipid-binding
pocket. The side chains of the residues Argl5 and Trp22
are directed to the outside of the Akt PH domain,
although they are close to the phospholipid-binding
pocket (Figure 3). The Argl5 situated at the end of
p-strand 1, in the model of the Akt PH domain, forms a
salt bridge with Glu64 located at the middle of the 55—
6 loop (Figures 3 and 4); hence, the mutation of Argl5
to Ala could induce a substantial change in local
structure due to the loss of this salt bridge. Trp22 is
located between the 1-phosphate-binding residues Thr21
and Arg23. Specifically, this residue is situated at the
beginning of g-strand 2. In the model of the Akt PH
domain, g-strand 2, together with -strand 1, bends at
the middle and thus is crucial for maintaining the core
structure of the Akt PH domain, i.e., the antiparallel
[-sheet structure. When Trp22 is substituted by a small
amino acid (Ala), the beginning of g-strand 2 could
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become more flexible so that the local conformation
would be disturbed to some extent. On the other hand,
the mutation Trp22Ala could also influence the confor-
mation of the side chains of Thr21 and Arg23 so that
the interaction with the 1-phosphate group is weakened.

In addition to the above four Akt activity-abolishing
mutations, there are four other mutations that have
been made to the Akt PH domain: Lys39Ala, Glu40Ala/
Cys/Lys, Argd4lAla, and Pro42Ala. All of the Glu40
mutations resulted in a slightly enhanced Akt activity,
whereas the mutation Pro42Ala markedly reduced Akt
activity. The Lys39Ala and Arg41Ala mutants showed
normal Akt activity. In the model of the Akt PH domain,
all of these mutated residues are situated from the
beginning to the top of the f3—/4 loop. The side chain
of Glu40 is directed to the phospholipid-binding pocket
although Glu40 is not a phospholipid-binding residue.
When this negatively charged residue is substituted by
the positively charged residue Lys or by the neutral
residues Ala and Cys, the phospholipid-binding pocket
would become relatively more positive. This change
would presumably be beneficial for the recognition and
binding of phospholipids to the Akt PH domain. The
mutation Pro42Ala, located at the top of the 53—/34 loop,
is remote from the phospholipid-binding pocket. How-
ever, Pro is a highly constrained residue that is involved
in maintaining protein structure. Therefore, the muta-
tion Pro42Ala may greatly influence, or possibly even
break, the loop linking the 3- and p4-strands so that
the binding pocket conformation is greatly altered,
leading to the reduced ability of Akt to bind its phos-
pholipids. Although the mutations Lys39Ala and Arg41
could increase the flexibility at the beginning of the 53—
B4 loop, the interaction of the Akt PH domain with
phospholipids would not be disturbed by these two
mutations, since these residues Lys39 and Arg41 do not
contribute to the phospholipid-binding pocket and their
side chains are oriented to the outside of the Akt PH
domain.

Comparison of Our Model with a Previously
Published Model of the Akt PH Domain. The Akt
PH domain was first modeled in 1998 when Tsichlis’s
group studied the mutagenesis and the activation
mechanism of the Akt PH domain.8 Their model is
based upon a hybrid structural template derived from
PLCo and the pleckstrin N-terminal PH domains. These
two PH domains specifically bind to PI(4,5)P2,8%9
whereas the Akt PH domain binds to PI(3,4)P2. Accord-
ingly, the structures of the PLC6 and pleckstrin PH
domains are not suitable templates for modeling the Akt
PH domain, because their phospholipid-binding specific-
ity is different from that of the Akt PH domain. As
explained above, the structure of the BTK PH domain
was selected as our template in modeling the Akt PH
domain. Thus, our model of the Akt PH domain can
reasonably explain the specificity of the Akt PH domain
for P1(3,4)P2.

Estimated Binding Affinities. Both the SCORE"®
and ChemScore’” methods use an empirical scoring
function to estimate the binding free energy for a
protein—ligand complex when the 3D structure of the
complex is known. The scoring function of SCORE
contains terms to estimate van der Waals contacts,
metal—ligand bonding, hydrogen bonding, desolvation
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Table 3. Estimated pKy by SCORE and ChemScore

experimental data

estimated pKa 'k, (uM)/ activity 1Cso (uM)/
compd SCORE ChemScore  pKg? (%)° pICse®

PI(3,4)P2  6.32 6.46  0.57/6.24 100
PI(3,4,5)P3 6.11 6.43  0.40/6.40 —35
PI(3)P 413 5.03 13
1 4.43 5.26 5.0/5.30
2 4.12 4.84 32.0/4.49

aRef 11. P Ref 10. ¢ Ref 92.

H
X QMe
Hﬁmzo\"/o\/*\/ocwm,—n

Chart 2

HO Y

effects, and a deformation penalty upon binding. In
comparison, the scoring function of ChemScore uses
similar terms except for a desolvation term to predict
the binding free energy of the protein—ligand complex.
The training datasets used in these two methods include
a large number of divergent protein—ligand complexes
(SCORE: 170 protein—ligand complexes; ChemScore:
82 protein—ligand complexes). Most importantly, the
scoring functions of SCORE and ChemScore successfully
reproduced the binding affinities of the entire training
set with a cross-validation deviation of 6.3 and 8.68 kJ/
mol, respectively. Thus, we used these two methods to
estimate the binding affinity of the Akt PH domain in
complex with P13-K-generated phospholipids. The es-
timated binding affinities are listed in Table 3.

The predicted binding affinities based on the complex
models reveal that PI(3,4)P2 and PI(3,4,5)P3 have
comparable dissociation constants, which is consistent
with the experimental fact that the Akt PH domain
binds almost equally well both PI1(3,4)P2 and PI(3,4,5)-
P3.101191 |t js worth noting that the estimated dissocia-
tion constants of P1(3,4)P2 and PI1(3,4,5)P3 are approxi-
mately the same as those determined experimentally
(Table 3). In addition, the estimated binding affinity of
PI(3)P is 10—100-fold less than those of P1(3,4)P2 and
P1(3,4,5)P3, which is consistent with the experimental
measurement.1911.91 The correct prediction of the rela-
tive and absolute binding affinities of PI(3)P, PI(3,4)-
P2, and PI(3,4,5)P3 for the Akt PH domain provides
further support for our 3D structural model of this PH
domain.

Application of the Model of the Akt PH Domain.
The 3D structural model of the Akt PH domain has been
used to examine the interaction and binding affinity of
3-(hydroxymethyl)-bearing phosphatidylinositol ether
lipid analogues bound to the Akt PH domain.®?

The 3D structural models of the Akt PH domain in
complex with the synthesized Akt ligands 1 and 2
(Chart 2) were achieved through the FlexX docking
process followed by energy minimization with a 10 A
water sphere, based upon which the binding affinities
were estimated by the empirical scoring functions
SCORE and ChemScore.

The predicted binding affinities of compounds 1 and
2 in complex with the Akt PH domain are presented in
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Table 3. Although the estimated binding affinities by
SCORE and ChemScore are different, both methods
predicted that compound 1 should be more active than
compound 2. The binding affinities predicted by Chem-
Score are in line with the experimental results (Table
3). This result again provides support for our model of
the Akt PH domain and suggests that the model can be
used for structure-based design of Akt ligands to modify
Akt activity.

The differences in the activities of compounds 1 and
2 can be accounted for based upon their hydrogen bond
interactions with the Akt PH domain. These models
show that the majority of the hydrogen bond interac-
tions formed between compounds 1 and 2 in their
complexes with the Akt PH domain are similar. Differ-
ences occur only at the 3-hydroxymethyl group. The
3-hydroxymethyl group which is axially oriented in
compound 1 interacts with Arg25 through two hydrogen
bonds, whereas the equatorial 3-hydroxymethyl group
in compound 2 is situated so as to be unable to form a
hydrogen bond with Arg25. In addition, the different
orientation of the 3-hydroxymethyl group of compounds
1 and 2 results in the different location of compounds 1
and 2 within the binding pocket of the Akt PH domain
so that the 1-carbonate group of compound 1 forms two
hydrogen bonds with Arg23, while that of compound 2
forms only one hydrogen bond with Arg23.

Summary

Homology modeling and docking simulations were
performed to explore the structure of the Akt PH
domain and its interaction with P13-K-generated phos-
pholipids. The PI3-K-generated phospholipids bind to
the positively charged residues situated at the positively
charged phospholipid-binding pocket formed by the f1—
B2, f3—p4, and f6—p7 loops of the Akt PH domain. The
shorter f1—[2 loop contributes to the inability of the
Akt PH domain to accommodate the 5-phosphate group
of a phospholipid, whereas the residues situated at the
bottom of binding pocket, Lys14, Arg25, Tyr38, Arg48,
and Arg86, can interact with the 3- and 4-phosphate
groups of the P13-K-generated phospholipids. The pre-
dicted binding mode is supported by results obtained
by others from site-directed mutagenesis studies. Fur-
thermore, the estimated binding affinities of PI13-K-
generated phospholipids to the Akt PH domain using
the modeled complexes are consistent with the experi-
mental data. Finally, this model has been successfully
used to rationalize differences in structure and Akt
inhibitory activity between newly synthesized 3-hy-
droxymethyl-containing phosphatidylinositol ether lipid
analogues. Taken together, our molecular modeling
studies provide new insights into the binding of the Akt
PH domain to its ligands, thus suggesting that this
model may prove useful in further structure-based drug
design.
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