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Abstract: Peptide display approaches, in which peptide epitopes of known binding activities are
grafted onto stable protein scaffolds, have been developed to constrain the peptide in its bioactive
conformation and to enhance its stability. However, peptide grafting can be a lengthy process
requiring extensive computational modeling and/or optimisation by directed evolution techniques.
In this study, we show that ultra-stable consensus-designed tetratricopeptide repeat (CTPR) proteins
are amenable to the grafting of peptides that bind the Kelch-like ECH-associated protein 1 (Keap1)
onto the loop between adjacent repeats. We explore simple strategies to optimize the grafting process
and show that modest improvements in Keap1-binding affinity can be obtained by changing the
composition of the linker sequence flanking either side of the binding peptide.

Keywords: protein engineering; tetratricopeptide repeat; repeat protein; protein–protein interaction;
therapeutics; biologics

Introduction
Scaffold proteins can be given new functionalities by
grafting of binding peptides onto an alpha-helix or a
loop. In a similar manner to chemical stapling methods,
the scaffold constrains the binding epitope in its bioactive
conformation and endows it with enhanced proteo-
lytic stability.1–9 Helix grafting has been particularly

successful, but there are challenges in the grafting of
peptides into protein loops. The difficulty arises in part
because it can be hard to predict loop conformations,
and there may be a large entropic cost upon binding of
the grafted peptide.10 There are alternative methods for
creating proteins with new high-affinity binding func-
tions including experimental approaches, such as sur-
face display by directed evolution, and computational
design and combinations thereof.3,11–14 However, where
there is a known binding epitope comprising a short lin-
earmotif, a simple “cut-and-paste” strategymay be suffi-
cient, and indeed even relatively long binding peptides
of around 40 amino acids have successfully been grafted
in this way.8,15

Tetratricopeptide repeat (TPR) proteins are a class
of repeat proteins that are common in nature.16,17 They
are characterized by repeating units of 34 amino acids,
which form two antiparallel helices joined by a turn
region. A consensus-designed tetratricopeptide repeat
protein (CTPR) was first developed by Main et al. by
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alignment of proteins from a nonredundant database in
order to determine the optimal sequence of the CTPR
and resulted in proteins with very high stability and
without need of disulphide bonds.18 Grove et al. used a
modified CTPR sequence with two mutations, D18Q
and E19K, and Cortajarena et al. later described how
the E19K mutation promoted charge–charge interac-
tions and increased the intrinsic stability of each
repeat.19,20 TPR proteins can utilize varied modes of
binding to their partner proteins but the most well-
characterized involves the groove formed by 2–3
repeats binding to a short (~ 5 residue) negatively
charged peptide.21–23 Exploiting this binding mode,
Cortajarena et al. grafted the Hsp90-binding residues
from the natural TPR protein Hop onto a three-repeat
CTPR (CTPR3) to create a functional TPR module.24

They subsequently used both rational design approaches
and library screening to make novel functional CTPR
proteins.25,26 In all cases, the affinities observed for this
binding mode are fairly weak (low- to mid-micromolar),
presumably because the interfaces involved have rela-
tively small areas.

The high thermodynamic stabilities of CTPRs com-
bined with their modular nature means that even gross
modifications are still likely to produce proteins with
high stabilities, and indeed we recently showed that
CTPR proteins can tolerate extension of the inter-
repeat loop by up to 25 residues.27 Here, we take
advantage of this malleability to describe a new strat-
egy for engineering high-affinity binding functions into
CTPR proteins by grafting functional peptides into
the inter-repeat loop. As proof of concept, we use
a short peptide sequence derived from the protein Nrf2
(nuclear factor erythroid-2-related factor) that is a sub-
strate of the E3 ubiquitin ligase Keap1 (Kelch-like
ECH-associated protein 1). Nrf2 is a transcription fac-
tor that modulates the body’s response to oxidative
stress. Keap1 is known to target Nrf2 for ubiquitination
leading to degradation by the proteasome. Keap1 binds
to Nrf2 through a hinge-and-latch mechanism in which
a single Nrf2 molecule binds to the two Kelch domains
of the Keap1 dimer via two different binding motifs on
Nrf2.28 The ETGE motif (residues 77–82) initiates
binding and acts as the hinge, allowing the binding
of 100-fold weaker DLG motif “latch” (residues
27–32).29,30 The ETGE motif of Nrf2 binds to Keap1 in
a beta-turn conformation with the side chains of E79
and E82 forming hydrogen bonds to Keap1 [Fig. 1(B)].31

Further contacts with Keap1 are made through four
carbonyl groups and one amide group from the Keap1
peptide backbone.32 Additionally, L75, L84 and D77
have been suggested to stabilise the beta-turn struc-
ture. The binding of isolated, unconstrained peptides
based on the ETGE motif of Nrf2 to Keap1 is well-
characterized through biophysical, crystallographic and
cell-based assays.31,33–37 Inhibiting this interaction has
therapeutic potential for a range of diseases, such as

the chemoprevention of cancer, diabetes Alzheimer’s
disease, and chronic obstructive pulmonary disease.38,39

The CTPR proteins are small, monomeric, and
very stable without need of disulphide bonds. They are
easy to produce recombinantly in high yields, facili-
tated further by the fact that a small-scale expression/
purification protocol is usually sufficient to produce
milligrams quantities of high purity protein without
need of multiple purification steps, and therefore
many proteins can be made in parallel for testing.40

Our results indicate that the CTPR proteins could pro-
vide a scaffold with which to screen binding sequences
before going on to producing the optimized sequence
in the form of constrained chemically synthesized pep-
tides such as those used for therapeutic purposes, as is
costly and laborious to produce large numbers of such
peptides themselves. Most importantly, whereas new
binding functions engineered into TPR proteins to date
have all had micromolar affinities for their targets,
our approach can yield orders of magnitude higher
affinities in the nanomolar range.

Results and discussion

Protein design
The CTPR sequence used previously by Grove et al.
was chosen due to its high stability and solubility
despite the lack of capping repeats that are often used
for designed repeat proteins.19,20 A scaffold without
caps will be useful in further work intended to intro-
duce additional functionalisation by using more repeats
in a modular fashion. We grafted a Keap1-binding pep-
tide derived from Nrf2 into this CTPR scaffold. We
chose the ETGE motif because it has been shown to
have high affinity for Keap1 even without any chemical
or protein constraints, and peptides based on this motif
have already been shown to be amenable to grafting
onto proteins.41,42

The inter-repeat loop of the CTPR scaffold com-
prises four amino acids (DPNN, residues 31–34 of the
repeat). The “Consensus Nrf2 CTPR2” protein was
designed with the Nrf2 peptide inserted into the loop
of CTPR2 with a “DPNN” sequence flanking it on both
sides repeated so as to preserve the chemical environ-
ment of the residues adjacent to the loop (Table I).43

Additionally, P32 is also an important residue, as it
promotes the turn conformation and provides back-
bone hydrogen bonding to W4 of the next repeat.18

Peptide grafting onto protein scaffolds is more
likely to be successful when there is a good geometrical
match between the peptide and the scaffold. This
requirement can be hard to meet in addition to finding
a scaffold that is amenable to grafting without destabi-
lization. The rigid CTPR, like other scaffolds, means
that the grafted peptide may not be able to adopt
the correct conformation. Therefore, we proposed the
insertion of a flexible “GG” linker both before and after
the grafted peptide in order to overcome this potential
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problem (named “Flexible Nrf2 CTPR2”; Table I). We
hypothesize that this may reduce conformational strain
on the grafted peptide, allowing it to more easily adopt
a bioactive conformation. Flexible loop regions are often
observed in nature to modulate binding, and they may
also help to prevent steric clashes between the protein
scaffold and the target protein.44

The Keap1-ETGE interface involves multiple elec-
trostatic interactions, and many studies have focused on
optimizing electrostatics so as to optimize binding affini-
ties.28,45,46 We hypothesized that the mutation of aspar-
agine to aspartic acid in the amino acids both preceding
and proceeding the grafted Nrf2 peptide could help
increase the favorable electrostatic interactions with

residues on Keap1, thereby enhancing the binding affin-
ity. This approach is seen in Charge Nrf2 CTPR2 design
(Table I).

CIDER is a program developed by Pappu et al.
that predicts the structure of intrinsically disordered
proteins.47 If we make the assumption that loop regions
are, for the most part, disordered, we can use the pro-
gramme as an aid to predict how certain mutations
might move the peptide from region 1 (swollen coils) to
region 3 (coils, hairpins, and chimeras), which may
allow the grafted Nrf2 peptide to adopt its bioactive
β-turn conformation and thus lead to a higher affinity
of binding. This design is referred to as CIDER Nrf2
CTPR2 (Table I).

Secondary structure content and thermal
stability
The proteins expressed in Escherichia coli in the solu-
ble fraction with high yields of 1–2 mg from 90 mL of
culture. Samples were pure as judged by mass spec-
trometry. Circular dichroism (CD) spectra showed the
proteins to be folded [Fig. 2(B)] and to have high
degrees of α-helicity. The very high stability of the
parent sequence (CTPR2) means that, although there is
a significant decrease in thermal stability upon intro-
duction of the grafted peptide sequences, the proteins

Figure 1. Schematics showing the proteins used in this study and the peptide grafting process. (A) The Nrf2 peptide (green) is
grafted into the inter-repeat loop of the CTPR2 protein (blue) PDB ID 1NA0. (B) Schematic representation of the structure of the
Keap1-Nrf2 complex. The BTB, IVR, and Kelch domains of the substrate-recognition subunit, Keap1, assemble with Cullin 3 (Cul3)
subunit and Rbx subunit to form the active E3 ubiquitin ligase. The ETGE motif of the substrate Nrf2 (residues 77–82, blue) adopts
a β-turn conformation. E79 of Nrf2 forms hydrogen bonds to R415, R483, and S508 of Keap1 whereas E82 hydrogen bonds to
S363, N382, and R380 PDB ID 2FLU.48

Table I. Design of the Keap1-binding loops grafted into
the CTPR scaffold

CTPR Loop sequence

Consensus Nrf2 CTPR2 DPNNLDEETGEFLDPNN
Flexible Nrf2 CTPR2 DPNNGGLDEETGEFLGGDPNN
Charge Nrf2 CTPR2 DPDNLDEETGEFLDPDN
CIDER NRf2 CTPR2 DPNNLDEETGEFLDPRN

The sequence of the “native” CTPR loop is in bold. The
sequence corresponding to the Nrf2 peptide is shown in italics.
The other residues, relating to the design strategy, are shown
in plain font.
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still have high thermal stabilities with melting temper-
atures around 70�C [Fig. 2(C), Table II]. The melting
temperature was found to be relatively insensitive to
the nature and length of the grafted peptide. All pro-
teins were found to refold after thermal denaturation,
further demonstrating the stability of the CTPR scaf-
fold [Fig. 2(A)].

Binding of grafted CTPR proteins to Keap1
First, we used FP to measure the KD of a FITC-labeled
Nrf2 peptide (FITC-β-Ala-DEETGEF-OH) for the
Keap1 Kelch domain (referred to subsequently sim-
ply as Keap1). The value obtained was 238 � 29 nM
[Fig. 3(A)], which is consistent with previously published
data. 31 Next, we used competition FP to determine
the Keap1-binding affinities of the Nrf2-grafted
CTPR proteins [Fig. 3(B)]. We found that, relative to
the isolated Nrf2 peptide, small increases in affinity
could be achieved by grafting the peptide into the CTPR
scaffold with a flexible linker (Flexible Nrf2 CTPR2) and
with the CIDER-designed sequence (CIDER Nrf2
CTPR2). The binding affinity of Flexible Nrf2 CTPR2
was verified using ITC, and a KD of 74.6 � 17 nM was
obtained [Fig. 3(C)].

It is interesting that modest (two-fold) improve-
ments in binding affinity are observed, since the Nrf2
peptide sequence already makes intramolecular inter-
actions through residues L76 and L84 and so it was
not clear whether changing the residues flanking these
leucines would have any further impact on the binding
affinity. We hypothesize that the higher binding affini-
ties of the Flexible Nrf2 CTPR2 and CIDER Nrf2
CTPR compared with the original Nrf2 CTPR arise
because these designs enable the grafted peptide to
adopt a bioactive conformation. We note that the two
approaches yield almost identical binding affinities,
suggesting that we may be close to the maximum affin-
ity that can be achieved using this Nrf2 sequence.

Future studies will focus on testing different types
of flanking sequences in combination with different
binding peptides. This approach will be particularly
important for those binding epitopes that have a poor
structural match to the native tight-turn conformation
of the CTPR loop, as the flanking regions may be able
to either provide constraint or be flexible enough to
allow the peptide to adopt its bioactive conformation.
The low affinity of Charge Nrf2 CTPR2 for Keap1 could
be explained if the introduction of the N33D mutation
induces structural changes in the loop that distort the
binding epitope away from its bioactive conformation.
These studies will allow us to understand the relation-
ship between the length/sequence composition of the
grafted peptide and its binding affinity within the con-
text of the CTPR scaffold. In terms of the maximum
peptide length, we have found that we can successfully

Figure 2. CD analysis of the Nrf2 CTPR2 proteins. (A) CD
spectrum of consensus Nrf2 CTPR2 before (black) and after
(red) thermal denaturation. (B) CD spectra of CTPR2 (black),
consensus Nrf2 CTPR2 (red), flexible Nrf2 CTPR2 (orange),
charge Nrf2 CTPR2 (green) and CIDER Nrf2 CTPR2 (blue).
(C) Thermal denaturation curves monitored by CD. CTPR2
(black), consensus Nrf2 CTPR2 (red), flexible Nrf2 CTPR2
(orange), charge Nrf2 CTPR2 (green), and CIDER Nrf2
CTPR2 (blue).

Table II. Circular dichroism (CD) and fluorescence
polarization (FP) data for the thermal stability and
Keap1-binding affinities of the designed TPR proteins

CTPR Tm � SE (�C) Ki � SE (nM)

CTPR2 >80 -
Consensus Nrf2 CTPR2 70.0 � 1.3 282 � 64
Flexible Nrf2 CTPR2 68.0 � 1.0 109 � 18
Charge Nrf2 CTPR2 65.6 � 0.9 817 � 75
CIDER NRf2 CTPR2 70.6 � 1.5 103 � 15
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graft binding peptides of up to 15 residues onto the
inter-repeat loop, and we have also shown that the loop
can be extended by up to 40 residues without disrupt-
ing the CTPR structure (27; unpublished results).

The small size of these CTPR2 proteins (at
11.5 KDa), their amenability to peptide grafting with-
out disrupting the structure or drastically reducing the
overall stability, and their capacity to display peptides
with nanomolar affinities for their targets, could make
them potential candidates for future biotherapeutics.
This study provides new strategies for peptide grafting
into scaffolds without the need for extensive computa-
tional design or directed evolution experiments and
introduces a new scaffold for peptide grafting.

Materials and methods
Protein expression constructs. The CTPR constructs
were cloned from gBlock oligos purchased from Inte-
grated DNA Technologies and inserted into the
PRSet B multicloning site of the vector using restric-
tion digestion-ligation cloning between with BamHI
and HindIII restriction enzymes (ThermoFisher Sci-
entific, Waltham, MA) and Bioline quick stick ligase
according to the manufacturer’s protocol. The Keap1

construct has an N-terminal His-tag and the Human
Keap1 Kelch domain (residues 321–624) with a TEV
cleavage site in a pNIC28-Bsa4 vector. This was a
kind gift from Alex Bullock (Structural Genomics
Consortium, Oxford).

Peptide synthesis. FITC-β-Ala-DEETGEF-OH was
synthesized by Cambridge Peptides Ltd and provided
at a purity of >90%.

Protein expression and purification. CTPR2 con-
structs were transformed into E. coli Lemo21 cells,
apart from CTPR2, which was transformed into C41
cells. Colonies were individually selected and grown in
15 mL 2xYT media for approx. 16 hours at 37�C until
an OD of 0.8 was reached, and then induced with
0.5 mM IPTG and grown for 24 hr at 20�C. The cells
were then pelleted and purified according to the proto-
col published by Perez-Riba et al.40 Samples were pure
as judged by mass spectrometry.

The Keap1 Kelch domain expression plasmid was
transformed into C41 cells and grown at 37�C until
O.D. of 0.8 was reached. Cells were then induced with
0.5 mM IPTG at 20�C overnight. Cells were pelleted

Figure 3. Binding of the Nrf2 CTPR2 proteins to Keap1 monitored by FP and ITC. (A) FP of Keap1 binding to FITC-β-Ala-
DEETGEF-OH peptide. (B) Competition FP of consensus Nrf2 CTPR2 (red), flexible Nrf2 CTPR2 (orange), charge Nrf2 CTPR2
(green), and CIDER Nrf2 CTPR2 (blue) with the preformed complex of Keap1 and Fl-β-Ala-DEETGEF-OH. (C) ITC of flexible Nrf2
CTPR2 and Keap1.
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at 5000 RPM for 5 min. Cells were resuspended in
35 mL of 50 mM Tris–HCl pH 8, 150 mM NaCl, 2 mM
DTT with a Sigmafast protease tablet (EDTA-free)
and then lysed using an Emulsiflex C-5 homogenizer
using three runs. The lysed cells were centrifuged at
17000 RPM for 45 min. The cleared lysates were incu-
bated with 4 mL Ni-NTA beads for 1 hr at 4�C. The
beads were then washed from using 3 × 50 mL
washes with 50 mM Tris-HCl pH 8, 150 mM NaCl,
2 mM DTT and eluted with 10 mL 50 mM Tris-HCl
pH 8, 150 mM NaCl, 300 mM Imidazole, 2 mM DTT.
The mixture was then filtered through a 0.22 μm
syringe and further purified by gel filtration with a
HiLoad 26/60 Superdex 75 column in 50 mM Tris-HCl
pH 8, 150 mM NaCl, 2 mM DTT.

CD spectroscopy and thermal unfolding
experiments. Secondary structure content was
assessed using CD. The spectra of 10 μM CTPR pro-
teins in 50 mM Tris-HCl pH 8.5, 150 mM NaCl was
measured using an Applied Photophysics Chirascan
CD spectrophotometer with a 1 mm cuvette between
wavelengths of 206 nm and 280 nm at 20�C at 1 nm
increments at a rate of 0.5 s/reading with three
repeats being taken. The thermal stability of the pro-
teins was determined by measuring the molar ellip-
ticity of the solution at 222 nm upon heating the
sample to 94�C at a rate of 0.5�C per minute with five
repeats of the readings being taken. The solution was
then cooled to 20�C, and the CD spectrum was re-
measured. The data were analyzed using GraphPad
Prism 6 software and melting temperatures deter-
mined using a sigmoidal sloppy Boltzmann equation.
The reported standard error is the fitting error.

Fluorescence polarization assays. A Fluorescence
Polarisation assay based on the assay developed by
Hancock et al. was employed using a 384-well black
opaque optiplate microplates with a total volume of
40 μL in order to minimise protein usage.31 1 nM
FITC-beta-Ala-DEETGEF-OH peptide in 50 mM Tris-
HCl 150 mM NaCl pH 8.5 was incubated with a serial
dilution of Keap1 protein for 30 minutes. The experi-
ment was repeated three times, and the data were
fitted in GraphPad Prism 6.0 to a one-site binding
model using the following equation:

AF =
B P½ �

KD + P½ � +Ns P½ �+C

where AF is the polarisation fraction, B is the maxi-
mum specific binding, [P] is the protein concentration
in M, KD is the midpoint concentration where half
the maximum signal is reached, Ns is the gradient of
the non-specific binding, and C is the background
polarisation fraction.

1 nM FITC-beta-Ala-DEETGEF-OH tracer and
237.5 nM Keap1 protein in 50 mM Tris-HCl 150 mM

NaCl pH 8.5 was then incubated with a serial dilution
of CTPR protein for 30 minutes using a 384-well black
opaque optiplate microplates with a total volume of 40
μL. The experiment was repeated three times, and the
data were fitted in GraphPad Prism 6.0.

Isothermal titration calorimetry. A Microcal iTC200
isothermal titration calorimeter was used. Proteins
were dialysed overnight into 50 mM Tris-HCl pH 8.5,
150 mM NaCl 0.5 mM TCEP at 4�C. 100 μM Keap1
was titrated into a 10 μM Flexible Nrf2 CTPR2 solu-
tion over 20 injections of 2 μL, with an initial delay of
60 s, a reference power of 5 μcal/s, an injection dura-
tion of 0.8 s, 150 s spacing and a stirring speed of
750 RPM. The experiment was repeated with a titra-
tion of 100 μM Keap1 into buffer and the previous
data were then subtracted from this background
data. The data were analyzed using Origin 7.0 and
fitted using a one-site binding model.

Cider plots. The sequences “DPNNLDEETGEFLD
PNN” and “DPNNLDEETGEFLDPRN” were input
into the CIDER server and found to predict negatively
charged strong polyelectrolytes and strong polyampho-
lytes respectively.47
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