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HIGHLIGHTS

® Linear peptides derived from
Nrf2-Keapl binding site exhibit self-
inhibitory activity.

® The peptides possess large flexibility
in unbound state, and thus would
incur a considerable entropy penalty
upon binding.

® Peptide cyclization strategy is de-
scribed to minimize the unfavorable
entropy penalty.

® Cyclization can improve peptide affi-
nity by 1.4-7.5-fold for designed
cyclic peptides relative to their linear
counterparts.
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ABSTRACT

Nrf2 is a critical regulator of innate immune response and survival during sepsis, which is constitutively de-
graded through binding to the Keap1l adapter protein of E3 ubiquitin ligase. Two linear peptides DLG and ETG
derived from, respectively, the low-affinity and high-affinity motifs of Nrf2 binding site exhibit self-binding
affinity to Keapl central hole (active pocket); they can be exploited as therapeutic self-inhibitory peptides to
disrupt the Nrf2-Keapl interaction. Molecular dynamics simulation and binding energetics decomposition re-
veal that the two peptides possess large flexibility and intrinsic disorder in unbound free state, and thus would
incur a considerable entropy penalty upon binding to Keapl. In order to improve Keapl-peptide binding affinity
(or free energy AG), instead of traditionally increasing favorable enthalpy contribution (AH) we herein describe a
rational peptide cyclization strategy to minimize unfavorable entropy penalty (AS) upon the binding of Nrf2-
derived linear peptides to Keapl. Crystal structure analysis impart that the native active conformations of DLG
and ETG peptides bound with Keapl are folded into U-shape and hairpin configurations, respectively, and adopt
their turning head to insert into the central hole of Keapl. Here, cyclization is designed by adding a disulfide
bond across the two arms of DLG U-shape or ETG hairpin, which would not influence the direct intermolecular
interaction between Keapl and peptide as well as desolvation effect involved in the interaction, but can effec-
tively constrain the conformational flexibility and disorder of the two peptides in free state, thus largely
minimizing entropy penalty upon the binding. Both free energy calculation and binding affinity assay
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substantiate that the cyclization, as might be expected, can moderately or considerably enhance peptide binding
potency to Keapl, with affinity (dissociation constant K4) increase by 1.4-7.5-fold for designed cyclic peptides
relative to their linear counterparts.

1. Introduction

Sepsis is a clinical syndrome that has physiological, biological and
biochemical abnormalities caused by a dysregulated inflammatory re-
sponse to infection [1]. It is a leading cause of death in intensive care
units with mortality rates that range between 30 and 70%, and the
mortality rate is especially high in patients with nosocomial infections
[2]. The Nrf2 (nuclear factor/erythroid 2-related factor 2) regulates a
pleiotropic cytoprotective defense program including antioxidants and
protects against septic inflammatory disorders by inhibiting oxidative
tissue injury [3], which is a critical regulator of the innate immune
response and survival during sepsis [4]. Under normal conditions, Nrf2
is constitutively degraded through binding to Keapl (Kelch-like ECH-
associated protein 1), an adapter protein of E3 ubiquitin ligase [5]. In
the presence of oxidative and xenobiotic stresses, Nrf2 degradation is
stalled, leading to a rapid accumulation of Nrf2. Nrf2 then translocates
into the nucleus and binds to the regulatory regions of target genes to
upregulate their transcription [6].

The regulatory system of Nrf2 activity has turned out as an attrac-
tive therapeutic target for sepsis syndrome due to its sophisticated
mechanism [7]. Enhancing Nrf2 pathway by disruption of Keapl in
myeloid leukocytes has been found to protect against sepsis [8]. Over
the past decades, a number of small-molecule compounds have been
discovered to target the Keapl-mediated degradation of Nrf2 and cause
Nrf2 accumulation [9]. However, the binding of Keapl to Nrf2 is a
typical protein—protein interaction (PPI) that normally has a wide, flat
interface, for which classical small molecules are not always ideally
suited to disrupt [10]. Instead, biologic drugs such as peptide inhibitors
have been successfully exploited as promising disruptors of Nrf2-Keapl
interaction, which possess better PPI-targeting capability as compared
to small-molecule inhibitors [11]. Previously, it was found that peptide
segments derived from the binding site of Nrf2 exhibit self-binding af-
finity towards Keapl [12,13]; these segments are known as self-in-
hibitory peptides or self-binding peptides [14-16] that are expected to
block Nrf2-Keap1 interaction by rebinding at the interaction interface.
In order to improve the binding affinity and biological activity of self-
inhibitory peptides, some molecular methods such as natural residue
mutation and unnatural amino acid substitution have been used to
modify the peptide sequence and structure, thus directly improving
enthalpy contribution (AH) to the binding free energy (AG) of modified
peptides to Keapl [17,18]. Here, instead of traditionally increasing
favorable enthalpy contribution (AH) we described a rational peptide
cyclization strategy to minimize unfavorable entropy penalty (AS) upon
the binding of Nrf2-derived linear peptides to Keapl. The structural
basis, energetic property and dynamic behavior of Keapl interaction
with both linear and cyclic peptides were investigated systematically.
We also performed fluorescence-based assays to determine the binding
affinity of rationally designed cyclic peptides to recombinant human
Keap1, which were utilized to substantiate the findings and conclusions
obtained from computational modeling, analysis and design.

2. Materials and methods

2.1.1. Setup of Keap1-Nrf2 peptide complex crystal structures

Nrf2 protein harbors two Keapl-binding motifs (DLG and ETG) at its
N-terminal domain [19]. Intermolecular recognition and interaction
between the two motifs and Keapl Kelch domain constitute a key
regulatory nexus for cellular Nrf2 activity through the formation of a
two-site binding hinge-and-latch mechanism [20]. The DLG
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Fig. 1. Crystal structure of Keapl Kelch domain in complex with the DLG (A)
and ETG (B) peptides derived from Nrf2 N-terminal domain (PDB: 3WN7 and
41FL, respectively).

(Y MDLIDILWRQDIDLGVSREVFDFS*®) and ETG (*AFFAQLQLDEETG-
EFL®%) peptides separately derived from the two Keapl-binding motifs
of Nrf2 N-terminal domain were co-crystallized with the Keapl Kelch
domain and deposited in the PDB database [21] with accession codes
3WN?7 and 4IFL, respectively (Fig. 1). Here, the co-crystallized water
molecules, organic ions and other cofactors were manually removed
from the raw crystal structures; hydrogen atoms and protonation state
were automatically assigned for the structures [22-24].

2.1.2. Molecular dynamics simulation

Molecular dynamics (MD) simulations of the investigated systems of
proteins, peptides or their complexes were carried out with AMBER ff03
force field [25] implemented using the Amber biomolecular simulation
programs [26]. All the systems were immersed in a truncated octahe-
dral box of TIP3P water molecules [27] and Na* ions were added to
obtain electrostatic neutrality. First, each system was minimized by
applying harmonic restraints with a force constant of
10 keal'mol = A~2 to all protein atoms, and then allowing all atoms to
move freely [28]. The energy minimization was performed by the
steepest descent method for the first 500 steps and the conjugated
gradient method for the subsequent 2500 steps, which was followed by
heating from 10 to 300 K over 100 ps in the canonical ensemble. Sub-
sequently, MD production simulations (500-ns for peptides and 50-ns
for complexes) were performed in an isothermal isobaric ensemble with
periodic boundary conditions [29,30]. For all simulations, 2 fs time step
and 10 A nonbonded cutoff were used. The particle mesh Ewald method
[31] was employed to treat long-range electrostatics, and bond lengths
involving bonds to hydrogen atoms were constrained using the SHAKE
algorithm [32].

Coordinates of the different conformations generated during the
simulations were registered every 0.1 ns for a total of 500 snapshots per
system, which were then used to calculate the complex binding energy
AG with molecular mechanics/Poisson-Boltzmann surface area (MM/
PBSA) method [33]:

AG = AH — TAS

= AEjn + ADgqy — TAS 6

where AE;, is the interaction energy between Keapl and peptide, and
ADgqy is the desolvation effect and computed by numerical solution of
nonlinear Poisson-Boltzmann equation plus surface area model [34].
The normal mode analysis (NMA) was performed to estimate the vi-
brational component of entropy [35]. Frequencies of the vibrational
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modes were computed at 300 K for conformational snapshots and using
a harmonic approximation of the energies [36].

2.1.3. Fluorescence polarization assay

The linear peptides were synthesized using Fmoc solid phase
chemistry. For cyclic peptides, the sulhydryl groups of cysteine residues
in reduced peptides were oxidized in 0.1 M ammonium bicarbonate to
form disulfide bond between them [37]. The binding affinity of peptide
ligands to Keapl protein was determined using a fluorescence polar-
ization (FP) protocol modified from previous reports [38,39]. The re-
combinant Keapl protein was titrated to 50 nM FITC-labeled peptides
in a buffer containing 50 mM HEPES (pH7.4), 100 mM NacCl, 0.1%
Tween-20 and 5mM DTT. For cyclic peptides the DTT was not used to
avoid disulfide bond reduction. A PE fluorescence spectrophotometer
was utilized to monitor FP change upon the titration, and the dis-
sociation constants (K4q) were derived by curve fitting [40]:

(FP, — FPRy) X [Keapl]

FPys = FRy +
obs 0 Kq4 + [Keapl]

(2)

where FP,,; is the observed FP value, FP is the value of the free pep-
tide, FP.. is maximum value of the completely bound peptide, and
[Keapl] is the total Keapl protein concentration titrated to peptide
buffer solution.

3. Results and discussion

3.1.1. Nrf2-derived linear peptides are highly flexible

The Keapl Kelch domain consists of six Kelch repeats, which are
packed together in a knobs-into-holes manner to form a penetrating
pocket as the accommodative site of two distinct binding motifs within
the Nrf2 N-terminal domain, namely, the low-affinity DLG motif and
the high-affinity ETG motif [41]. This two-site binding mode of Nrf2 to
Keapl allows for the efficient ubiquitination of Nrf2 since there are
seven lysine residues between the DLG and ETG motifs [42]. The two
motifs can be exploited as self-inhibitory peptides (SIPs) [14], which
are expected to be able to rebind at Keap1-Nrf2 complex interface and
then competitively disrupt the native complex interaction. The DLG and
ETG motifs are two 24-mer and 16-mer peptide segments that cover the
residues 17-40 and 69-84 of Nrf2 N-terminal domain, respectively.
Visual analysis of the co-crystallized complex structures of Keapl Kelch
domain with the two peptide segments (PDB: 3WN7 and 4IFL) revealed
that the DLG peptide is folded into a partially helical conformation,
while the ETG peptide forms as a two-stranded conformation (Fig. 1). A
considerable region of the two peptides has no defined structural fea-
ture; both of them adopt their turning heads to insert into the Keapl
central hole (active pocket) surrounded by six Kelch repeats.

The native active conformations of linear DLG and ETG peptides
were taken from the co-crystallized complex structures and then
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separately subjected to 500-ns MD simulations to investigate their
conformational flexibility and thermal motion in free state (Fig. 2). The
backbone root-mean-square deviation (RMSD) fluctuation profiles of
the two peptides during the whole simulations were examined, where
their dynamic snapshots were extracted at 0, 100, 200, 300, 400 and
500 ns of the simulation trajectory. As seen, a strong RMSD oscillation
can be observed through the whole simulation procedure (Fig. 2A),
indicating that the two peptides are intrinsically disordering with large
flexibility. Conformational analysis also supported this finding; the
native structured conformations (helices for DLG peptide and strands
for ETG peptide) are fast unfolded within the initial 100-ns simulations
and all these conformational snapshots are vulnerable and exhibit high
variability (Fig. 2B), thus unable to maintain in the native active con-
formations as their location in the context of Keapl-Nrf2 complex in-
terface — this is unfavorable for the two linear peptides to rebind at the
complex interface.

The total binding free energy AG of DLG and ETG peptide ligands to
Keap1 Kelch domain receptor was calculated using MM/PBSA and NMA
analysis based on 500 structural snapshots extracted from the dynamics
trajectory of 50-ns MD production simulations of the domain-peptide
complexes. The AG value can be decomposed into the intermolecular
interaction energy AE;,, between domain and peptide, the desolvation
effect ADq4qy incurring from the interaction, and the entropy penalty
—TAS upon the interaction via a statistical modeling approach [43-45].
The decomposed energetic components were listed in Table 1. The AE;;,,
values were calculated as —284.3 and — 195.6 kcal/mol for DLG and
ETG peptides, respectively, indicating that the direct interaction en-
thalpy is very favorable for the domain—peptide binding. However, the
favorable AE;,, would be largely impaired by the unfavorable desolva-
tion (ADggqy = 211.6 and 126.2 kcal/mol, respectively) and entropy
penalty (-TAS = 60.9 and 45.8 kcal/mol, respectively). Consequently,
the two peptide ligands can only bind to Keapl with a moderate po-
tency due to their high hydrophilicity and large flexibility. Subse-
quently, the linear DLG and ETG peptides were synthesized by solid
phase chemistry, and their binding affinity to the recombinant protein
of human Keapl was measured using fluorescence polarization assays.
As might be expected, the two peptides were determined as moderate
binders of Keapl (K4 = 380 and 23 nM, respectively). Consistently, the
high-affinity ETG motif can bind tighter than the low-affinity DLG motif
(~17-fold).

3.1.2. Cyclization can improve Nrf2-derived peptide affinity
Crystallographic analysis revealed that the DLG and ETG peptides
can form U-shape configuration and hairpin configuration in native co-
crystallized complexes with Keapl Kelch domain, respectively, and use
their turning head to insert into the domain's active pocket [46]. Here,
considering that both the peptide ligands and domain pocket are highly
polar and a complicated hydrogen-bonding network can be formed at
their complex interface (Fig. 3) [47], direct mutation or modification of

3-8

500 ns.
400 ns

!

DLG peptide

200 ns

300 ns.

ETG peptide

Fig. 2. 500-ns MD simulations of linear DLG and ETG peptides in free state. Their native active conformations taken from crystal complex structures were used as the
start (O ns) to perform the simulations. (A) The backbone RMSD fluctuation profiles of DLG and ETG peptides during the simulations. (B) The conformational
snapshots of the two linear peptides are taken at 0, 100, 200, 300, 400 and 500 ns of the simulations.
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Table 1
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The binding energetics and affinity of linear and cyclized DLG and ETG peptides to Keapl Kelch domain.

Peptide Type Sequence Energetics (kcal/mol) Affinity Kq (nM)
AEjn, ADgqy -TAS AG
DLG Linear 17MDLIDILWRQDIDLGVSREVFDFS*® —284.3 211.6 60.9 -11.8 380 * 64
DLG(cyc20-38) Cyclic MDLCDILWRQDIDLGVSREVFCFS® —275.2 218.3 32.6 -24.3 51 + 8 (7.5-fold)*
. : . b
DLG(cyc23-37) Cyclic 17MDLIDICWRQDIDLGVSREVC DFS —266.3 210.2 38.7 -17.4 n.d.
i — — a
DLG(cyc24-34) Cyclic 7MDLIDILCRQDIDLGVSCEVEDFS® 270.5 216.3 34.6 19.8 276 + 52 (1.4-fold)
ETG Linear %9 AFFAQLQLDEETGEFL®* —195.6 126.2 45.8 —23.6 23+ 5
ETG(cyc75-84) Cyclic 5 AFFAQLCLDEETHGEFC®* —182.4 124.1 29.8 —-285 6 + 1 (3.8-fold)”
ETG(cyc76-83) Cyclic %°AFFAQLQCDEETGECL®* —174.0 110.8 32,5 —-30.7 12 = 2
(1.9-fold)*
2 the affinity increase fold of cyclic peptides relative to their linear counterparts.
> n.d., not detectable.
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Fig. 3. Schematic representation of hydrogen bonds and other nonbonded forces at the complex interface of Keapl Kelch domain with DLG (A) and ETG (B) peptides.
The plot was generated using 2D-GraLab [47] based on their crystal complex structures (PDB: 3WN7 and 4IFL, respectively).
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(A) Native active conformation of DLG peptide

(B) Native active conformation of ETG peptide
(U-shape configuration) i
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Fig. 4. The native active conformations of both the DLG (A) and ETG (B)
peptides are folded into a U-shape hairpin configuration. The arm 1 residues
1le20, Leu23 and Trp24 are spatially vicinal to the arm 2 residues Asp38, Phe37
and Arg34 of DLG hairpin, respectively, while the arm 1 residues Gln75 and
Leu76 are spatially vicinal to the arm 2 residues Leu84 and Phe83 of ETG
hairpin, respectively.

peptide residues may undermine the established hydrogen bonds and
other nonbonded forces, thus unfavorable to enthalpy (AH) involved in
the complex interaction. Instead, above MD simulations suggested that
the two linear peptides cannot maintain the native U-shape hairpin
configuration in free state, and exhibit a large flexibility and intrinsic
disorder during the whole simulation course, thus incurring a

25

considerable entropy penalty upon binding to Keapl Kelch domain. The
entropy penalty was previously defined as indirect readout in pro-
tein—peptide recognition, which can be considered as a different story
from classical biomolecular recognition [48]. Molecular analysis and
characterization of entropy effect have been successfully used to study
protein—peptide binding phenomena [49-51]. Recently, the head-to-tail
cyclic peptides and intracyclic conformations have been reported to
optimize potent Keap1-Nrf2 peptide inhibitors [52,53]. Here, we con-
sidered to cyclize the peptides by adding a disulfide bond across the two
arms of U-shape hairpin. In this way, the conformational flexibility of
unbound peptides should be largely reduced, thus minimizing entropy
penalty upon the complex binding.

Visual examination of the native active conformation of DLG and
ETG peptides revealed that there are a number of residue pairs across
the two arms of peptides that (i) they are spatially vicinal to each other
and (ii) their side chains do not form effective interactions with Keapl
protein receptor, including three residue pairs Ile20-Asp38, Leu23-
Phe37 and Trp24-Arg34 for DLG peptide as well as two residue pairs
Gln75-Leu84 and Leu76-Phe83 for ETG peptide (Fig. 4). Therefore,
disulfide bond was considered to bridge across these residue pairs with
a small influence on the native conformation of peptides. In the pro-
cedure, the two residues in a pair were mutated to Cys when disulfide
bond is formed across them. The two peptides do not contain wild-type
cysteine and thus can avoid mismatched disulfide bond in cyclic
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Fig. 5. An example of cyclization-improved peptide
rigidity. (A) The EGT peptide is stripped from its
crystal complex structure (PDB: 4IFL) with Keapl
Kelch domain to obtain the peptide native con-
formation. (B) The free EGT peptide is then subjected
to MD simulations, during which the linear peptide
displays a large disorder. (C) The spatially vicinal
residues Leu67 and Phe83 of EGT peptide are mu-
tated to Cys67 and Cys83, respectively, and a dis-
ulfide bond is formed across them to cyclize the
peptide. (D) The resulting cyclic ETG(cyc67-83)
peptide is then re-subjected to MD simulations,
during which the cyclic peptide is relative rigid and
can maintain in a two-stranded structure close to its
native active conformation.

low flexibility

cyclic ETG(cyc75-84) peptide ("AFFAQLCLDEETGEFC*): K, = 6 + 1 nM

Fluorescence polarization
(normalization)

o

0.0 I 1 1 1
0 20 40 60 80

[Keapl] (nM)

I
100

cyclization
(affinity increase by 3.8-fold)

——— linear ETG peptide ("AFFAQLQLDEETGEFL*): K, = 23 + 5 nM

[ |
~cyclic DLG(cyc20-38) peptide ("MDLCDILWRQDIDLGVSREVFCFS*): K, =51 = 8 nM

cyclization
(affinity increase by 7.5-fold)

linear DLG peptide ("MDLIDILWRQDIDLGVSREVFDFS*): K = 380 + 64 nM

Fig. 6. The fluorescence polarization curve change from linear DLG and ETG peptides to their cyclic counterparts DLG(cyc20-38) and ETG(cyc75-84), respectively.

(A) disulfide bound » ‘ (B)
Ylinear DLG peptide
L. cyclic DLG(cyc20-38) peptide

linear ETG peptide

cyclic ETG(cyc75-84) peptide

Keapl Kelch domain Keapl Kelch domain

Fig. 7. Superposition of cyclic DLG(cyc20-38) and ETG(cyc75-84) peptides
onto linear DLG and ETG peptides in the active pocket of Keapl Kelch domain,
respectively, where the bound conformations of both the linear and cyclic
peptides in complex with Keapl Kelch domain are reached at equilibrium with
MD simulations.
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peptide synthesis. Consequently, totally three cyclic DLG peptides and
two cyclic ETG peptides were obtained based on the disulfide bond-
formed cyclization between these candidate residue pairs (Table 1).

The cyclization across N-terminal residue Leu76 (arm 1) and C-
terminal residue Phe83 (arm 2) of DLG peptide is schematically shown
in Fig. 5. The linear DLG peptide was stripped from its crystal complex
structure with Keapl Kelch domain to obtain the peptide native con-
formation (A). The conformation was then subjected to 500-ns MD si-
mulations (B), and a large flexibility and intrinsic disorder of the pep-
tide was observed during the simulations. This is consistent with above
analysis. The residues Leu76 and Phe83 were mutated to Cys76 and
Cys83, respectively, and a disulfide bond was formed across them to
cyclize the peptide (C). The resulting cyclic peptide ETG(cyc76-83) was
re-subjected to 500-ns MD simulations, during which the cyclic peptide
is relatively rigid and can maintain in a two-stranded structured con-
figuration close to its native active conformation (D).

Similarly, other four «cyclic peptides DLG(cyc20-38),
DLG(cyc23-37), DLG(cyc24-34) and ETG(cyc75-84) can be obtained
via the cyclization, and their binding energetics to Keapl Kelch domain
were calculated using MM/PBSA and NMA analysis (Table 1). As might
be expected, the cyclization can indeed improve the binding capability
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of DLG and ETG peptides as compared to their linear counterparts, with
AG change from —11.8kcal/mol to —24.3, —17.4 and — 19.8 kcal/
mol (for three cyclic DLG peptides) as well as from —23.6 kcal/mol to
—28.5 and — 30.7 kcal/mol (for two cyclic ETG peptides). Binding
energy decomposition revealed that the entropy penalty is reduced
considerably due to the cyclization, with ~TAS decrease from 60.9 kcal/
mol to 32.6, 38.7 and 34.6 kcal/mol (for three cyclic DLG peptides) as
well as from 45.8 kcal/mol to 29.8 and 32.5kcal/mol (for two cyclic
ETG peptides), while the interaction energy AE;,; and desolvation effect
ADyq, are changed moderately or modestly upon the cyclization
(Table 1), suggesting that the cyclization primarily influences the
conformation and flexibility of peptide ligands in free state, but has
only a small effect on the direct intermolecular interaction of Keapl
with the peptides.

In order to substantiate the computational design, the binding af-
finity of five cyclic peptides to recombinant human Keapl protein was
measured using fluorescence polarization, and obtained K4 values are
listed in Table 1. Consistently, cyclization can effectively improve
binding affinity by 1.4-7.5-fold for four out of the 5 tested cyclic pep-
tides (Kq = 51, 276, 6 and 12 nM) relative to their linear counterparts
(K4 = 380 and 23 nM), although the cyclic peptide DLG(cyc23-37) has
no observable affinity (K4 = n.d.) — this is not unexpected because
some other factors such as atomic overlapping and steric collision in-
duced by the cyclization may not be accurately described in theoretical
modeling and may cause error and bias to the results. In five tested
samples, the cyclic peptides DLG(cyc20-38) and ETG(cyc75-84) are
considered as a good candidates since they possess high affinity
(K4 = 51 and 6 nM, respectively) and exhibit a substantial affinity im-
provement (by 7.5-fold and 3.8-fold, respectively). Here, the binding
curves of DLG(cyc20-38) and ETG(cyc75-84) as well as their linear
counterparts DLG and ETG are plotted in Fig. 6. Evidently, the con-
formational constraint by cyclization can essentially shift the polar-
ization curves of the two peptides binding to Keapl (K4 change from
38.0 to 5.1 uM for DLG peptide and from 23 to 6 nM for ETG peptide),
indicating a substantial effect of the cyclization on Keapl-peptide
binding affinity.

The binding modes of designed high-affinity cyclic peptides
DLG(cyc20-38) and ETG(cyc75-84) to Keapl Kelch domain were
modeled and equilibrated with 50-ns MD simulations, which were su-
perposed onto the native active conformations of their respective linear
counterparts (DLG and ETG) in crystal complex structures with the
domain. By comparison it is readily observed that the binding modes of
cyclic peptides are very similar to their native conformations, with root-
mean-square deviation (RMSD) of 0.32 and 0.57 A between their non-
hydrogen atoms (Fig. 7), suggesting that the two cyclic peptides can
bind in a similar manner to Keap1 as them in linear form. As designed,
the disulfide bound is out of Keapl-peptide interaction pocket and
hence would not disrupt the interaction.
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