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Abstract The Bcl-2 family of proteins are well-characterized
regulators of the intrinsic apoptotic pathway. Proteins within
this family can be classified as either prosurvival or prodeath
members and the balance between them present at the mito-
chondrial membrane is what determines if the cell lives or
dies. Specific interactions among Bcl-2 family proteins play a
crucial role in regulating programmed cell death. Structural
studies have established a conserved interaction pattern
among Bcl-2 family members. This interaction is mediated
by the binding of the hydrophobic face of the amphipathic o-
helical BH3 domain into a conserved hydrophobic groove on
the prosurvival partners. It has been reported that an increase
in the helical content of BH3 mimetic peptides considerably
improves the binding affinity. In this context, this work states
for designing peptides derived from the BH3 domain of the
proapoptotic protein Bak by substitution of some non-
interacting residues by the helical inducing residue Aib.
Different synthetic peptides preserving BakBH3 relevant in-
teractions were proposed and simulated presenting a better
predicted binding energy and higher helical content than the
wild type Bak peptide.
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Introduction

Tumoural processes are often characterized by an evasion of
cellular apoptotic pathways which are controlled by the bal-
ance between endogenous propapototic molecules and endog-
enous apoptosis inhibitors [1, 2].

Two major signaling cascades lead to cell death: the ex-
trinsic and the intrinsic pathways [3, 4]. The former involves
the activation of caspase proteases by receptors placed on the
cell surface whereas in the later, caspases are activated by an
apoptosome that is assembled after the release of several pro-
apoptotic factors, including cytochrome ¢, from the mitochon-
drion. Indeed, mitochondrial outer membrane perme-
abilization is considered an irreversible step in committing a
cell to apoptosis.

The Bcl-2 family proteins are well-characterized regulators
of the intrinsic apoptotic pathway [3, 5—7]. Proteins within this
family can be classified either as prosurvival or as prodeath
members and is the balance between them present at the
mitochondrial membrane that determines cell death or survival.

Specific interactions among Bcl-2 family proteins play a
crucial role in the regulation of programmed cell death. These
protein—protein interactions are mediated by regions of highly
conserved sequences known as Bcl-2 homology (BH) do-
mains, of which there are four, BH1 to BH4 [8]. Bcl-2 proteins
can be distinguished by their structural features and can be
grouped into three subfamilies based on the number of these
BH domains they share [9]. The first subfamily has the four
domains (BH1-4) and includes the anti-apoptotic proteins Bcl-
2, Bel-x;, Bel-w, Mcl-1 and Bfl-1. The next two groups are
proapoptotic proteins possessing three BH (BH1-3) domains
represented by Bax, Bak and Bok, and BH3-only proteins,
such as Bim, Bid, Bad, Puma, Noxa, Hrk, and Bmf, which are
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characterized by the presence of a single BH domain (as their
name implies, the BH3 domain).

Structural studies have established a conserved interaction
mode among Bcl-2 family members. This interaction is
governed by the binding of the hydrophobic face of the am-
phipathic o-helical BH3 region of the proteins into a conserved
hydrophobic groove on the prosurvival proteins formed by the
BH1, BH2, and BH3 domains of prosurvival proteins [10, 11].
This interaction geometry is shared by BH3 regions from both
BH3-only and multidomain proapoptotic proteins, even by
Bcl-2 family members of low sequence similarity.

Some available experimental results support the idea that
intermolecular interactions established between these domains
alone are not always enough to explain experimental binding
affinities. In fact, after analyzing the ability of different
BaxBH3 peptide variants to inhibit the heterodimerization of
wild-type Bax with Bcl-2 and Bcl-XL, Shangary et al. con-
cluded that high helical content correlated with peptide activ-
ity despite not being sufficient [12].

Besides, it has also been suggested that the addition of
some N-terminal and C-terminal fragments to the BH3 do-
main core induced a substantial increase in their binding
affinity. This fact is not attributed to an increase of the
interacting residues but to a stabilization of the helical confor-
mation of bioactive peptide [13, 14].

Bearing in mind this idea, different approaches have been
devised to increase the helical propensity of BH3 peptides. As
previously commented, Liu et al. [13], added N- and C-
terminal segments of five residues, extracted from the terminal
regions of the Bad,sBH3 peptide, to X;sBH3 peptides derived
from Bak, Bax and Bid to induce a substantial increase in its
Bcl-2-binding affinity by stabilizing its helical structures.

Thus, it seems that intramolecular interactions that favor
bioactive peptide conformation could be determinant for pep-
tide activity, as in the case of peptides bonded in a helical
conformation. Accordingly, Yang et al. [15] incorporated a
lactam bridge to generate highly helical Bak;sBH3 peptides.
However, none of the synthesized peptides showed inhibitory
activity against Bcl-2, probably because the introduction of
steric hindrance with the receptor.

A Dbetter understanding of these complex effects can be
achieved by computational techniques, revealing the dynamic
behavior of the protein complexes with natural or suggested
synthetic peptides. Conformational space explored by pep-
tides and the relative contributions of different energetic terms
to complex formation can be analyzed and later on, correlated
with experimentally determined binding affinities.

Different theoretical studies have described the relationship
between helix stability and binding affinity of pro-apoptotic
BH3 peptides to some anti-apoptotic Bcl-2 protein family
members [16—18].

The alpha-aminoisobutyric (Aib) non-natural aminoacid
has generally been considered to be a strongly helicogenic
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residue as evidenced by its ability to promote helical folding in
synthetic and natural sequences [19-21]. Thus, replacing non-
interacting residues of the BH3 domains by Aib residues
appears as an appealing strategy for increased peptide binding
affinities.

If helical propensity plays an important role in the interac-
tion of BH3-derived peptides of proapoptotic proteins with
their antiapoptotic binding partners, molecular dynamics stud-
ies should be performed using a force field that properly
describes its helical features. In order to better understand
the helical properties of the different studied complexes, three
widely used force fields have been used in this work. The first
one is the {194 [22] force field of the AMBER package [23,
24] for which a tendency to favor helical structures in decre-
ment of the turns and sheets structures in long molecular
dynamics has been reported [25]. With the goal to provide
an improved balance between extended and helical conforma-
tions, Hornak et al. performed a throughout reparametrization
of backbone torsional terms using alanine and glycine
tetrapeptides [26] that was included in the ff99SB parameter-
ization. Finally, ff03 force field developed by Duan et al. [27]
represents a new approach to the development of parameters
in the context of the AMBER package.

The goal of the present work is to obtain BakBH3 derived
peptides with an enhanced affinity for the Bcl-XL protein. For
this purpose, computational techniques are used to study the
wild type Bak peptide complex and to determine relevant
interactions involved in the binding process. Later on, syn-
thetic peptides are proposed by replacing non-contributing
Bak residues by Aib residues in order to increase helical
propensity of the BH3 domain of these peptides. The aim is
to design new BH3-based peptides with an increased affinity
for the Bcel-x; protein. Theoretical calculations will be used to
estimate binding energies and describe helical structures char-
acteristic of these complexes.

Computational methods
Simulation setup

Starting structure for the molecular dynamics study of the
natural Bak, ¢ peptide was directly obtained from experimental
NMR structure of its complex with the Bel-x; protein (entry
IBXL of the Protein Data Bank) [28]. Different synthetic
peptides were proposed substituting non-interacting Bak res-
idues with the Aib aminoacid (see Table 1). Mutations on
terminal positions were omitted to avoid possible synthetic
problems. As glycine in 11th position has been reported to be
determinant for peptide binding, for each peptide sequence
two variants were analyzed, one preserving the Gly in this
position and a second mutating this residue to Aib. Different
peptides were also suggested removing some non-interacting
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Table 1 Sequence of the different Bak-derived peptides analyzed

Peptides Residue position

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Bak G Q vV G R Q L A I I G D D I N R
Bak, sAib, G Q \% Aib R Aib L Aib I 1 Aib D D I N R
Bak 4AibsG G Q A% Aib R Aib L Aib 1 1 G D D 1 N R
Bak4Aibg G Aib A% Aib R Aib L Aib 1 1 Aib D D 1 Aib R
Bak4AibsG G Aib A% Aib R Aib L Aib 1 1 G D D 1 Aib R
Bak4Aibs - - A% Aib R Aib L Aib 1 1 Aib D D 1 Aib R
Bak 4AibsG - - A% Aib R Aib L Aib 1 1 G D D 1 Aib R
Bak4Aiby - Q \% Aib R Aib L Aib 1 1 Aib D D 1 N -
Bak4Aib;G - Q \% Aib R Aib L Aib 1 1 G D D 1 N -
Bak,3Aiby - - \% Aib R Aib L Aib I | Aib D D I N -
Bak;;Aib;G - - A% Aib R Aib L Aib I I G D D I N -

terminal residues. Finally, a set of 11 peptides Bak,Aib,G,
was obtained, where x stands for the total length of each
peptide, y corresponds to the number of positions replaced
by Aib and z (which can be 1 or 0) indicates the presence or
not of the glycine on 11th position.

Structures for the complexes with synthetic peptides were
also generated from the same experimental structure but
retaining only the coordinates of the backbone atoms for
mutated positions and the non-modified residues of the Bak
hexadecapeptide. Finally, for the wild type BakBH3 and the
three best predicted candidates, structures for the free peptides
were also considered for further analysis. Then, side chains for
the Aib aminoacids were added using the LEaP module of the
AMBER?Y suite [23, 24].

Next, an identical protocol was followed for all complexes.
Structures were neutralized with counterions, following a
grid-shaped procedure for mapping electrostatic potential sur-
face. Finally, a cubic box of TIP3P waters [29] was created
within a minimum distance between the protein and the edge
of the box of 15 A and removing water molecules closer than
2.2 A to any of the protein atoms.

All calculations for the complexes were carried out at the
molecular mechanics level using three different amber force
fields: 94 [22], ff99SB [26] and ff03 [27]. For the free
peptides, only ff99SB was considered due to structural incon-
gruences observed in the complexes analysis for the
remaining force field parameterizations. Parameters for the
Aib aminoacid were obtained from Bisetty et al. [30]

Molecular dynamics simulations

Bad contacts derived from the addition of the new sidechains
should be removed to achieve a proper starting structure to
perform molecular dynamics studies. Thus, systems were

energy-minimized using the steepest descent algorithm. Four
steps of 10.000 iterations were performed allowing only a
partial system optimization restraining the other movement
with harmonic potential penalties. First, only water and coun-
terion molecules were minimized. In the second stage,
sidechains of the X4 peptides were included in the optimiza-
tion. Then, receptor sidechains were also relaxed and in the
last minimization stage, a free receptor is considered. Finally,
10.000 iterations were calculated with the whole system free.

Molecular dynamics of the complexes were performed at a
constant temperature of 300 K by coupling the systems to a
thermal bath using Berendsen’s algorithm [31] with a time
coupling constant of 0.2 ps. Long-range electrostatic energy
was computed using the Particle Mesh Ewald summation
method [32]. SHAKE algorithm [33] was used to constrain
the bonds involving the hydrogen atoms and to allow an
integration time of 2 fs. The minimized structures were heated
at 300 K at a constant rate of 30 K/10 ps with harmonic
restrains in protein atoms. Once the systems were heated,
two steps of 20 ps at constant pressure were performed to
increase the system density and to gradually remove restrains.
A temperature coupling constant of 1.0 ps and 2.0 ps. was
applied during the first and second steps respectively. Finally,
molecular dynamics of length between 35 and 45 ns were
calculated within the NVT ensemble for each of the 11 con-
sidered complexes. To include the higher peptide mobility,
100 ns molecular dynamics simulations were considered for
free peptide systems taking as starting structures those
extracted from minimized complexes.

MMPB/GBSA calculations

The molecular mechanics Poisson Boltzmann/generalized
Born surface area approach (known as MMPB/GBSA) is
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one of the most widely used methods to estimate protein-
ligand binding free energies [34, 35]. By using a thermody-
namic path (depicted in Fig. 1) that includes the solvation
contributions, the following expression is obtained:

AGy = AG) + AGE = AGY - AGY !

= AG) + AG™

where AGY accounts for the free energy of binding in vacuo
and AG* is the difference between the solvatation free energy
of the receptor-ligand complex (C) and the sum of the
solvatation free energy of the free receptor (R) and ligand (L).

The binding free energy in vacuo can be decomposed itself
into enthalpic and entropic contributions as:

AG) = AH)-TAS})

Assuming that system volume change is negligible
upon ligand binding, the enthalpic term can be comput-
ed by molecular mechanics. Then it can be expressed as
a sum of strain energies from covalent bonds and tor-
sion angles as well as non-covalent van der Waals and
electrostatic energies. Thus:

AHE:AEMM = AEbond + AEangle + AEtorsion + AEvdW

+ AE elec

These energetic values are determined with the sander
program from AMBERO suite. No cutoff is considered for
all calculations.

The solvation terms (AG*”') are decomposed into a sum of
electrostatic (or polar) and non-polar contributions:

AGsnl _ AGsol

ol T AGf,"pl

The electrostatic contribution can be computed using a
numerical solver for the Poisson-Boltzmann equation (PB),
as implemented in the pbsa program [36] from AMBER9
suite [37, 38] or estimated by means of generalized Born
(GB) methods. Tsui and Case GB parameters [39] were used
in this work.

Fig. 1 Thermodynamic cycle

In the present work, the nonpolar contribution was com-
puted with the LCPO method [40] where non polar salvation
energy is estimated from the change in the solvent accessible
surface area (SASA) [41] as:

AGY =~ A(SAS4) + 3

with 4=0.00542 kcal (mol A*)" and $=0.92 keal mol’*, when
using the PB method or by:

AGY =~  A(SASA)

with 4=0.005 kcal (mol A*)"*, when using the GB approach.

In this work a one-trajectory protocol is used which means
that the set of complex conformations extracted can be used to
generate a separate set of structures for the unbound receptor
and ligand. This approximation avoids the calculation of
separated trajectories free receptor and ligands but it can be
only applied when small conformational changes take place
during ligand binding. However, this approximation can be
useful in order to compare different methodologies to compute
binding energies where conformational changes cannot be
taken into account.

To have a representative measure of the binding free ener-
gy, MMPB/GBSA energies were calculated for structures
extracted every 10 ps of the whole molecular dynamics tra-
jectory. Mean values were calculated for 5 ns intervals in order
to determine if convergence has been achieved for binding
energies.

In order to determine relevant Bak aminoacids, the contri-
bution of each residue to the binding free energy was estimat-
ed using the MM-GB/SA per residue protocol [42]. This
approach considers that all pairwise interactions are equally
distributed between interacting atoms. Thus, each residue
contribution is computed as the sum of its interactions in
vacuo and the corresponding solvation contribution.

For the most stable peptides studied, the entropic contribu-
tion was obtained as an average over 100 snapshots extracted
at a time interval of 10 ps from the last 1 ns of each ff99SB
trajectory using the normal mode analysis within the harmonic
approximation.

AGY

peptide (L) —— »  Belxg-peptide (C)

AG_;?_'SOI AG g =50l

used in the MMPB/GBSA Bel-x, (P) +
methodology to obtain binding
the free energy (AGy) from the
bindiglg free energy in vacuo AGO-sol
(AGy) and solvatation free P
energies (AG®™)

Bel-x; (P) +

v v

AG
peptide (L) —;b Bel-x;-peptide (C)
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Hydrogen-bond interactions

Hydrogen bonds between Bak peptide and Bcl-x; protein
were determined using the pfraj module of the AMBER suite.
Hydrogen bond donor and acceptor atoms were defined for
each protein residue and next, distances and angles between
potential hydrogen bonded atoms were analyzed for snapshots
obtained every 10 ps of the molecular dynamics trajectory.
The criteria considered for H-bonding was a distance between
donor and acceptor atoms under 3.5 A, an acceptor-H-donor
angle (©yp) of more than 120° and a lifetime higher than the
30 % of the total number of snapshots analyzed. Values for the
hydrogen bond angles are reported as 180 - Oyp, as calculated
in AMBER v9.

Helical content analysis of peptide residues

As binding affinity for the Bcl-2 protein family has been often
related to peptides helicity, the secondary structure for the
most potent inhibitory peptides was analyzed using the
DSSP algorithm of Kabsch and Sander [43]. To extract rep-
resentative conformations, the whole molecular dynamics
trajectories for complexes and free peptides were considered.
Snapshots were obtained every 10 or 20 ps for complexes and
peptide simulations, respectively.

Accordingly, to quantify and compare helical properties of
different peptides, averaged helical properties such as helical
propensity, helix ratio and residue length in a helical segment
were computed for the final interval of molecular dynamics
trajectories. To include a representative conformational anal-
ysis, only the final 5 ns were considered for complex dynam-
ics whereas for free peptide simulations this analysis was
extended to the last 25 ns due to their higher mobility.
Helical propensity for a given residue is computed as the ratio
between the number of snapshots where it is predicted to be in
a helical conformation and the total number of snapshots
analyzed. Helix ratio is defined as the number of residues in
helical segments divided by the total number of residues in the
peptide. Finally, residue length is defined as the occurrence of
a given helix length in all helical segments.

Results and discussion
Interaction analysis of the Bak/Bcl-x; complex

The first step for designing new Bak-derived peptides with
high affinity for the Bcl-x; protein goes through determining
residues involved in wild type peptide binding. For this pur-
pose, molecular dynamics simulations were performed
starting from the NMR structure of the wild type Bak/Bel-x;,
complex, using three different widely used force fields. Later
on, significant interactions obtained from different force field

simulations were analyzed to extract reliable conclusions
about Bak binding pattern.

Starting point for molecular dynamics is an experimentally
determined structure, no significant differences were expected
in conformational space explored by the bound peptide within
the three force field simulations. However, when
superimposing NMR coordinates with final molecular dynam-
ics structures some differences are observed in peptide posi-
tion. The C-terminal residues of the Bcl-x;_ protein constitute a
mobile region which in principle should be interacting with
some Bak nearby residues. Depending on the parameteriza-
tion used this region moves inducing some conformational
changes in the peptide to preserve these interactions (see
Fig. 2). In the {94 and ff99SB parameterization, final residues
practically preserve the NMR position. Thus, peptide position
is completely equivalent to that observed on the NMR

Fig. 2 Superposition of final structures from molecular dynamics simu-
lations with the experimentally determined X-ray structure (in green) for
a) {194 force field trajectory (in blue); b) ff99SB trajectory (in red); and c)
ff03 trajectory (in yellow)
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structure. Conversely, ff03 induces a helical conformation of
these C-terminal residues that also supposes a displacement on
peptide position.

Accordingly, different peptide positions lead to different
interactions with receptor. Thus, as discussed below, some
differences appeared in the interaction analysis depending on
the force field parameterization used (see Table 2 for hydrogen
bonds and Table 3 for binding free energy values).

Typical hydrophobic interactions of the Bcl-2 protein fam-
ily binders [14, 44] were found in all three simulations (see
Table S1b). Accordingly, four significant vdW interactions
span over the binding groove corresponding to residues which
are occupying the four hydrophobic pockets (hl to h4).
Interacting residues obtained from the ff94 and ff99SB simu-
lations completely agree with experimentally relevant vdW
residues: Val74, Leu78, I1e81 and I1e85 occupying the pockets
h1 to h4, respectively [28]. However, despite {03 force field
also seems to present the four hydrophobic contacts, the most
important contributions to the binding come from different
residues (GIn73, GIn77, 11e80 and Asp84) which are occupy-
ing the hydrophobic pockets instead of the known experimen-
tal residues which cannot achieve their optimal interactions
due to the previously discussed peptide displacement. When
focusing on electrostatic interactions (see Table Slc), some
discrepancies were also found within the three used force
fields. Omitting interactions derived from terminal residues,
again ff94 and ff99SB predict experimentally determined
interactions [28]. Indeed, a favorable electrostatic contribution
for Arg76 was predicted, unfavorable interactions for Asp83

and Asp84, although to a lesser extent for the latter.
Significant contributions have been determined experimental-
ly for Arg76 and Asp83. The former, is in good agreement
with favorable AG values predicted for this residue (which
also have an important hydrophobic contribution) but the
latter remains unexplained. Unfavorable contributions of
Asp83 and Asp84 are completely counteracted by solvation
effects and their contribution to the binding energy is practi-
cally negligible (Table S1a). However, no favorable contribu-
tion is predicted for Asp83 to explain significance observed
experimentally. Thus, the effect observed for this residue may
be attributed to intramolecular interactions that stabilize bio-
active conformation. When considering the ff03 parameteri-
zation, surprising results were found for the most important
electrostatic contributions. Interactions observed in this case
do not correspond with typical interacting polar residues. In
fact, two significant electrostatic contacts were predicted for
the ff03 parameterization, both corresponding to glycine res-
idues, concretely Gly75 and Gly82 with favorable and unfa-
vorable contributions, respectively. Asp83 also has an impor-
tant unfavorable contribution, as observed for the former force
fields. However, all these electrostatic contributions are again
cancelled by solvation energies. Thus, the only significant
electrostatic contribution observed for Arg76 is not present
in the ff03 simulation due to peptide displacement, as other
electrostatic interactions observed appear counteracted by sol-
vation effects.

Concerning the hydrogen bonding pattern (Table 2), two
hydrogen bonds were determined for ff94 and ff99SB force

Table 2 Hydrogen bonds determined between the Bak peptide and the Bel-x;. protein for the ff94, ff03 and ff99SB simulations

Bel-xp Bak Occupancy (%) Distance (A) Angle (°)
194 GLU 129 OE2 ARG 76 HE-NE 47.6 2.81+0.11 24.2+10.7
GLU 129 OE1 ARG 76 HE-NE 46.2 2.84+0.14 25.6x£11.0
GLU 129 OE2 ARG 76 HE-NE 344 3.10+0.23 42.44+9.2
ARG 100 HH21-NH2 ASP 84 OD2 73.4 2.82+0.16 29.9+11.2
ARG 100 HE-NE ASP 84 OD2 69.8 2.93+0.20 32.6+10.5
ARG 100 HH21-NH2 ASP 84 OD1 384 2.90+0.23 29.1+11.5
ff03 GLU 129 OE1 ARG 76 HH21-NH2 32.6 2.87+0.11 28.6x11.6
GLN 111 HE21- NE2 GLN 77 OEl 88.4 2.96+0.17 28.6£12.7
ARG 139 HE - NE ALA 790 39.8 3.01£0.18 24.5+11.7
ARG 100 HH21-NH2 ASP 84 OD1 36.8 2.92+0.21 26.7+11.7
LEU 194 O ARG 87 HH21 — NH2 30.2 2.89+0.15 24.6x11.5
ff99SB GLU 129 OE2 ARG 76 HH21-NH2 59.2 2.91+40.22 31.9+10.6
GLU 129 OE2 ARG 76 HE-NE 522 2.93+0.19 31.0£10.2
GLU 129 OE1 ARG 76 HH21-NH2 44.8 2.93+0.21 32.3+12.3
GLU 129 OE1 ARG 76 HE-NE 384 2.96+0.20 30.3+11.2
ARG 100 HH21-NH2 ASP 84 OD1 83.6 2.81+£0.12 22.1£10.7
ARG 100 HE-NE ASP 84 OD1 39.6 3.07+0.21 37.1£9.3
TRP 137 O ASN 86 HD21 - ND2 79.2 2.98+0.16 18.7+£10.3
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Table 3 Free energy decomposition analysis of Bak peptide: residues
remarked in green correspond with favorable van der Waals interactions
(< —4 kcal mol™) whereas blue and red residues correspond with

favorable (< —50 kcal mol™") and unfavorable (> 50 kcal mol™) electro-
static interactions, respectively. Hydrogen bonded residues of the Bel-x;.
protein are also shown

G72 Q73 V74 G75 R76 Q77 L78 AT79 180 181 G82 D83 D84 185 N86 R87
£f94 R100
ff99SB R100 W137
103 QIl1

fields: Arg76 and Asp84 interacting with Glu129 and Arg100
of Bel-xy, respectively. The only difference between {194 and
ff99SB force field is an extra hydrogen bond established in the
ff99SB simulation (between Asn86 of Bak peptide and
Trp137 of the Bcel-xy, protein) that has been lost in the ff94
simulation (Asn86 is solvent oriented). For the ff03, these H-
bonds cannot be achieved and a single hydrogen bond be-
tween residue GIn77 and GIn111 of Bel-x; protein was found.
Despite not appearing in the other simulations, GIn77 also
have the proper orientation to be hydrogen bonded to GIn111
in all three simulations as well as in the NMR structure.

Free energy decomposition accounts for hydrophobic and
electrostatic contributions discussed above but also takes into
account the solvation effects. Similar behavior is observed for
ff94 and ff99SB force fields even at quantitative level.
However, as previously discussed for peptide interactions,
significant contributions observed for the ff03 force field are
completely different. MMGBSA per residue values can be
found in Fig. S1 of supporting information.

In conclusion, it can be said that ff94 and ff99SB predict an
equivalent binding pattern for the wild type Bak peptide.
Moreover, relevant residues determined by interaction analy-
sis completely agree with experimentally well-known
interacting residues [28]. Oppositely, ff03 parameterization
does not seem to reproduce experimental results. Despite the
four typical hydrophobic pockets seem to be occupied in the
interaction analysis, relevant Bak residues are displaced in
comparison with experimental ones. The same occurs with
electrostatic interactions. Therefore, only results derived from
the ff94 and ff99SB parameterizations should be taken into
consideration for further calculations.

MMPB/GBSA convergence

Different peptides were proposed by replacement of the pre-
viously determined non-interacting Bak residues by the non-
natural Aib aminoacid. Then, molecular dynamics of length at
least 35 ns of the Bak,AibyG,-Bcl-x;. complexes were carried
out. MMPB/GBSA methodology was used to estimate bind-
ing affinity of these new peptides for the Bcl-x, protein.
Initial structures for synthetic peptides complexes were
directly obtained by homology modeling of Bak NMR

coordinates. Hence, in order to determine if convergence has
been achieved and thus, predict reliable AG values, binding
free energies were averaged for every 5 ns of the whole
molecular dynamics trajectories (see Tables S.2 to S.7 of
supporting information).

According to discrepancies observed for the ff03 force field
and available experimental data, only ff94 force field was used
to select a first set of synthetic peptides, as equivalent results
can be expected from the ff99SB parameterization.
Considering the overall of binding free energy values obtained
along the first 35 ns of molecular dynamics trajectories (see
Table 4 and more detail is provided on Tables S.2 to S.7 of
supporting information), all peptides with predicted binding
affinity for the Bcl-x; protein at least 5 kcal mol™' greater than
the wild type Bak were initially retained. However, an excep-
tion was made concerning Bak;3Aib3;G peptide also being
retained for further analysis. Despite having a mean binding
free energy smaller than cutoff considered, a decrease of
binding free energy was observed during the last 10 ns pre-
senting this peptide as a potential candidate after AG stabili-
zation. Later on, 194 and ff99SB were used to simulate and
score the peptides with the higher predicted binding affinity.
For the selected peptides, molecular dynamics simulations
were extended 5 ns to ensure that the convergence of binding
free energy values has been achieved. Even though, dynamics
and binding free energies were also calculated using the ff03
parameterization as an additional score for evaluating these
peptides.

When focusing on the ff03 results, only one of the pro-
posed peptides was predicted to overcome wild type Bak
binding affinity for the Bcl-x; protein. The remaining peptides
were not expected to exhibit an improved efficiency according
to their estimated binding free energies. These poor affinities
predicted for ff03 simulations can be attributed to the fact that
peptide mutations were based only on ff94 and ff99SB rele-
vant interactions. Thus, important residues according to ff03
parameterization may have been replaced by Aib and those
interactions lost, leading to low binding free energy values.
Thus, ff03 predicted binding free energies cannot be taken into
account for peptide selection

Accordingly, MMPB/GBSA values within the last 10 ns
(see Table 4) for the ff94 and ff99SB simulations were used to
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Table 4 Average binding free energy values used to score the synthetic
peptides (in kcal mol™). A first subset was selected using the mean value
first 35 ns of molecular dynamics and the ff94 parameterization. For this

subset, 40 ns dynamics were considered and average binding free energy
values for the last 10 ns were used to select the best three peptides

Peptide FF94 (0-35 ns) FF94 (30-40 ns) FF99SB (30-40 ns) FFO03 (30-40 ns)
MMPBSA  MMGBSA  MMPBSA  MMGBSA  MMPBSA  MMGBSA  MMPBSA  MMGBSA

Bak ~66.09 ~79.70 —60.21 -69.71 ~56.55 ~70.58 ~76.95 -84.98
Bak, sAib, ~72.00 ~84.96 ~73.82 ~86.62 ~66.08 ~79.79 -63.55 ~71.83
Bak,cAibsG  ~73.06 ~86.07 -8331 ~97.43 ~67.28 ~77.90 ~63.06 ~73.85
Bak,Aib, ~54.20 ~59.64 - - - - -
Bak;;AibsG —61.28 ~74.56 ~73.04 ~79.18 ~67.66 ~80.78 ~55.93 ~59.98
Bak;Aib, ~54.10 ~63.09 - - - - -
Bak,AibsG  —59.19 ~69.95 - - - - -
Bak,Aib,G  —84.01 ~101.35 -93.20 ~110.88 -92.14 ~109.73 ~64.14 ~74.52
Bak4Aibs ~67.99 ~75.04 - - - - -
Bak;sAibsG  —75.24 -93.99 -87.97 -107.78 -81.03 —95.52 —65.01 ~73.36
Bak,sAibs ~75.98 ~90.54 ~70.30 -84.45 —68.32 ~78.14 ~79.33 -99.00

select the best scored peptides. Within a given force field,
peptide rankings obtained with MMPBSA or MMGBSA
methodologies were very similar, despite MMGBSA values
were all lower than the corresponding MMPBSA ones.

It is worth noting that rankings obtained from the ff94 and
ff99SB molecular dynamics, either using MMPBSA or
MMGBSA, lead to the same two best scored peptides:
Bak;4AibsG and Bak;sAibsG. In addition, the predicted ab-
solute values for AG,, using both methodologies are similar
for these two peptides and also for the wild type Bak peptide.
With respect to the other four studied peptides, different
ranking are obtained depending on the selected approxima-
tion. However, ff94 force field strengthens the differences
between them. Indeed, predicted binding energies for the third
and the fourth peptides in the ranking differ by 9 kcal mol™
and the latter has a AG, 20 kcal mol™ lower than the
wild-type Bak peptide. Otherwise, ff99sb force field pre-
dict similar binding affinities for all four peptides, within
a range of 4 kcal mol' and negligible differences be-
tween the third and the fourth classified. Thus, to choose
a third peptide for the final ranking, we decided to take
into account the ff94 force field differences. Hence,
Bak,4Aib3;G, which is predicted to have a binding energy
around 11 kcal mol™' lower than the wild type Bak
peptide, for both ff94 and ff99SB forced fields.

As can be seen from Table 5, the inclusion of the entropic
contribution to the binding free energy estimation does not
change the above discussed conclusions: the relative order of
the three selected peptides is preserved and all of them have
better AGyinging Values than the reference Bak peptide.

As expected, the basic interaction pattern of all the selected
peptides is very similar to the one of the Bak;¢ reference
peptide (see Fig. 3 and Table S.8 of supporting information).

@ Springer

It is worth noting that the whole set of best scored peptides
preserve Gly82, a residue experimentally reported as determi-
nant for peptide activity.

Structural analysis

Helicity of BH3 only proteins has often been related to their
binding affinity for the Bcl-x; protein. Thus, helical properties
of wild type Bak and best scored synthetic peptides in their
bounded states were analyzed in order to determine if confor-
mational space explored by these peptides can be related in
any way with their predicted binding affinity (see Fig. 4 for
helix propensity, Fig. 5 for helix ratio and Fig. 6 for helix
residue length).

‘When comparing helical properties of the original BakBH3
peptide in the complex simulations, a general trend is ob-
served for the different force fields used: ff99SB helical con-
tent is bigger than ff94 and the latter, than ff03. However,
despite ff99SB leads to the highest helical content, it is well-
known that ff94 should correspond to the most helical

Table 5 Average binding free energy values for the last 10 ns for the
reference Bak peptide and for the three best-scored peptides, with and
without inclusion of the entropic contribution. Values, calculated using
the ff99SB force field, are reported in kcal mol™

Peptide FF99SB (30-40 ns)

PB GB PB+AS GB+AS
Bak —56.55 —70.58 —-15.86 —29.89
Bak;cAib;G —67.28 =77.90 —25.11 —35.73
Bak, 4AibsG —92.14 —109.73 —56.23 —73.82
Bak,cAibsG —81.03 —95.52 —41.72 —56.21
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Fig. 3 Interaction pattern for (a) Bak,¢, b) Bak;4AibsG, ¢) Bak16Aib5G and d) Bak;sAibs;G complexes

inducing parameterization. This trend cannot be clearly ob-  trend can be elucidated from the parameterization used.
served in helical propensity analysis for the other BH3 pep-  Nonetheless, for {ff94 and ff99SB force fields, peptide residues
tides. Omitting natural BakBH3 peptide, similar values are ~ with a given helical tendency seem to be induced to adopt a
predicted for ff94 and ff99SB, both lead to a higher helical ~ helical conformation and all of them exhibit helical propensity
content than the ff03 parameterization. However, force field  values near the unity. Only those residues with clear non-
helical inducing effects are peptide dependent and no general ~ helical conformations have low helical propensity values but
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Fig. 4 Helical propensity values corresponding to the wild type Bak peptide (on dark blue) and the best scored synthetic peptides Bak,;cAibsG,
Bak;4AibyG and Bak;sAibsG (on orange, yellow and green, respectively) for the three force fields used: a) ff94; b) ff99SB; and ¢) ff03
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Fig.5 Helix ratio values corresponding to the wild type Bak peptide (on dark blue) and the best scored synthetic peptides Bak;Aib;G, Bak;4Aib,G and
Bak;5AibsG (on orange, yellow and green, respectively) for the three force fields used: a) ff94; b) ff99SB; and ¢) ff03

halfway values are sparse. The opposite situation is found for
ff03 force field. In this case, only residues with a clear helical
conformation exhibit high helical content whereas the helical
propensity values predicted for the major part of peptide
residues are relatively low. However, it is worth noting that,
despite being the less helical forming parameterization, ff03
exhibits some rare helical propensity trend in terminal regions.
This fact was also observed in Fig. 2 where the C-terminal
region of Bcl-x. forms a small helical domain, not present in
the remaining simulations. The more reliable situation seems
to correspond to ff99SB, which exhibits intermediate values
resulting from unbiased peptide conformations. These inter-
mediate values are finally reflected into a higher overall heli-
cal content. Helix ratio and residue length also follows the
above mentioned tendency for helical content. Accordingly,
shorter helical preferences are observed for the ff03 than for
194, the latter and ff99SB.

Regarding to differences in the peptides structure, no clear
trends can be observed for the Aib helical induction.
Surprisingly, for all force fields, wild type Bak peptide presents
the highest helical properties content albeit Aib substitutions
should favor helical conformations. Due to long simulation
times required for structural rearrangements in modeled com-
plexes, it can be thought that this low helical content may arise
from unconverged simulations. However, binding free energy
values and helical residues (values not shown) analyzed for the
whole molecular dynamics trajectories reflect clearly converged
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simulations during the last 5 ns. Thus, this helical preference
exhibited by wild-type Bak may be attributed to natural optimi-
zation of peptide structure. When introducing synthetic residues
in peptide sequence, bonded peptide conformation has not nec-
essarily to be identical to original peptide. In fact, optimal
conformation for these new sequences seems to have a lower
helical content. Thus, well known preference for helical confor-
mations introduced by Aib mutations does not seem to be
observed in bonded peptide conformations as protein environ-
ment hinders force field effects.

It has been reported that helical content of BH3 only proteins
is strongly related to their binding affinities. Nonetheless, in the
previously discussed results, no correlation was observed for
any of the force field parameterizations considered. Thus, this
increased binding affinity attributed to more helical peptides
only makes sense from the point of view of the ratio of peptide
bioactive conformation found in solution which is assumed to be
helical.

Evolution of «-helical residues in BH3 free peptides simu-
lations clearly reflect the helical inducing effects attributed to
Aib residues (Fig. 7). As expected, all synthetic peptides,
which contain Aib mutations, exhibit a higher helical content
than wild-type Bak peptide. Free peptide conformations seem
to converge after 50 ns of simulation, partially losing the initial
helical domain. Wild-type Bak seems to completely lose its
helical structure to explore different random coil conforma-
tions. Contrarily, Aib containing peptides preserve some kind

c
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Fig. 6 Residue length values corresponding to the wild type Bak peptide (on dark blue) and the best scored synthetic peptides BakAibsG, Bak4Aib,G
and Bak;4AibsG (on orange, yellow and green, respectively) for the three force fields used: a) ff94; b) ff99SB; and c) {f03
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Fig. 7 o-helix secondary

structure evolution of BH3 free

peptides as evaluated by DSSP

during the entire course of 100 ns

MD simulation with ff99SB force

field. a wild type Bak peptide, (b)
Bak;sAibsG, (c) Bakj,AibyGand @
(d) Bak,cAibsG

of helical structure during the whole molecular dynamics
trajectory. Concretely, Bak;4Aib;G and Bak;4AibsG prefer a
bihelical conformation whereas in the Bak;sAibsG peptide, the
initial helical domain is broken into three helical fragments.
To quantify real differences in helical content of free pep-
tides, for the last 25 ns, average properties were calculated (see
Fig. 8). In comparison with bonded conformation, a

[=]
w

time (ns)

considerable loss of helical content is observed similar for
all peptides but wild-type Bak which does not contain Aib.
Focusing on helical propensity, similar values are observed for
synthetic peptides and the above mentioned trends to split the
initial helical domain into smaller fragments can also be
observed. From predicted values, Bak;4AibsG seems to be
the most helical peptide. When considering the helix ratio
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Fig. 8 Helical propensity, helix ratio and helix residue length values during the last 25 ns of MD simulations with ff99SB force field for BH3 free
peptides. Wild type Bak peptide (dark blue), Bak;sAibsG (orange), Bak4AibsG (yellow) and Bak,sAibsG (green)

values, natural Bak appears again as the less helical peptide
and a similar behavior is observed for the remaining synthetic
peptides, only a bit lower for Bak;5AibsG. The analysis of the
helix residue length clearly shows a preference for shorter
helical segments in Aib containing peptides, only wild-type
Bak has certain tendency to form larger helices. This fact is in
good agreement with the split helical segments observed for
Aib peptides.

In conclusion, it can be said that the force field parameter-
ization used clearly bias conformational space explored by
peptide residues. Nevertheless, helical properties of analyzed
bonded peptides do not seem to be determinant in predicted
binding affinities. Increased binding affinities observed exper-
imentally for more helical peptides are only due to a higher
ratio of bioactive peptide conformation in solution but not in
bonded conformation.

Conclusions

Several authors report that an increase of the helical content of
BH3 mimetic peptides considerably improves their binding
affinity. In this context, this work aims at designing peptides
derived from the BH3 domain of the proapoptotic protein Bak
by substitution of some non-interacting residues by the helical
inducing residue Aib. To this purpose, molecular dynamics
were used to simulate wild type BakBH3 and proposed syn-
thetic peptides. As the parameterization used seems to bias
conformational space explored by the systems, different wide-
ly used force field were considered for simulations of these
systems. The MM-PB/GBSA methodology was used to esti-
mate binding affinities and the DSSP algorithm of Kabsch and
Sander was used for analyzing the helical content.

As was expected, conformational space explored by the
BakBH3/Bcl-x; complex depended on the different force
fields used. In agreement with parameterizations considered,
it was observed that the ff03 behavior was different to the
other parameterizations. As it should be expected, ff94 and

@ Springer

ff99SB simulations lead to similar results, as ff99SB is just a
correction of some ff94 parameters.

These differences observed in the conformational space
explored by the complex were also reflected in a different
interaction profile for the BakBH3 peptide. In this case, ff94
and ff99SB reproduced experimentally observed interactions
but not, the ff03 results. It can be concluded that ff03 param-
eterization does not adequately describe this system as even
starting from an experimental structure, it is not able to repro-
duce experimental interactions.

Designing peptides that preserve these well-known inter-
actions for Bak BH3 domain and present an increased helical
propensity should lead to a highest binding affinity for the
Bcl-XL protein. However, it is noticeable that, in simulation
of BH3 peptides complexes, does not exist a correlation
between helical content and binding affinity. In addition,
simulations of peptide complexes do not allow observing
helical inducing effects of Aib due to the protein environment.
Indeed, natural BakBH3 peptide presents the highest helical
content but not the highest predicted binding affinity.

Free peptide simulations were also performed to observe the
so-known Aib helical forming effects. These simulations clear-
ly reflect an increase of helical content in synthetic peptides in
comparison with natural BakBH3. As Aib substitutions do not
affect BakBH3 residues relevant for binding, these peptides
preserve relevant BakBH3 interactions (MM-GBSA per resi-
due results not shown for synthetic peptides). In addition, this
increased helicity leads to a higher ratio of bioactive conforma-
tion in solution, which is assumed to be helical, available to bind
into the protein groove. Thus, proposed synthetic peptides
should, a priori, exhibit a better binding affinity for Bcl-; with
respect to natural BakBH3 peptide.

Finally, it is worth noting that the real efficiency of the
proposed peptides should depend on other properties or inter-
actions that were not included in the present study, due to its
complexity. Additional interactions as aggregation of these
proteins could also affect the binding of these proteins.
Unfortunately, at the end, experiment is the only way to
determine real peptide affinity.
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