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Protein–protein interactions involving b-sheet secondary

structures have been questioned in many fatal human diseases

such as cancer, autoimmune and neurodegenerative diseases.

Small selective peptide derivatives and analogues are

promising drug candidates for inhibiting this poorly known

class of PPIs. In this review, we will highlight the main strategies

developed for designing linear and cyclic peptide and

peptidomimetic inhibitors of PPIs involving b-sheet structures.

These compounds either do not adopt preferred conformations

or can mimic protein secondary structures such as b-strands,

b-hairpins or a-helices.
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Introduction
The intercommunication between proteins is crucial in

both biological and pathological processes. The search for

modulators of protein–protein interactions (PPIs) is

currently a promising strategy towards next-generation

drugs; however, it is still considered as a challenging issue

because PPIs generally involve ratherflatand largeproteins

areas [1]. The hot-spot residues (residues involved in the

interaction) generally adopt secondary structures and thus

using compounds mimicking secondary structures is a rele-

vant strategy to modulate PPIs. Peptide derivatives and

analogues have been mainly described to target PPIs involv-

ing helix structures and thus those adopting helix conforma-

tion have been mainly reported in the published reviews

[2,3]. The design of peptides and peptidomimetics targeting

PPIs involving b-sheet structures has been much less stud-

ied. In this review, we report the strategies developed to

design peptide derivatives as inhibitors of this class of PPIs.
www.sciencedirect.com 
The main targeted interactions involving b-sheet rich struc-

tures are those found in amyloid proteins aggregates

(Table 1). Additionally, also a few other biological targets

are discussed in this review, particularly PPIs involving

homo and hetero dimerization of proteins through b-strand
interactions  (Table 1). The review is organized according to

the main structure types used for inhibiting PPIs involving

b-sheet structures and based on both pure peptide as well as

peptidomimetic approaches. In particular, linear peptides

adopting b-strand structures or inserting b-sheet breaker

elements, cyclic peptides adopting b-hairpin or no

preferred structures, acyclic b-hairpins, helix mimics, twee-

zers and proteins are described (Figure 1).

b-Strand mimics
b-Strands are the simplest peptide structural elements and

are rarely isolated. They are known to be the crucial struc-

tural elements recognized by specific proteins such as pro-

teolytic enzymes, major histocompatibility complex (MHC)

proteins, and transferases [4]. Small peptides are not inclined

to spontaneously structure themselves in b-strands. That is

why small molecule b-strand mimetics have been designed

[5]. However, they show high propensity to self-aggregate

andtheyhavemainlybeenreportedas inhibitorsofproteases

but rarely as inhibitors of PPIs.

A common strategy to inhibit PPIs mediating aggregation of

amyloid proteins is to use small peptides based on the

amyloidogenic sequence also called sequence recognition

element (SRE) of each amyloid protein. These sequences

are crucial for the folding of the amyloid protein and consti-

tute the hot-spot of the PPIs involved in the formation of

b-sheet structures and thus in the aggregation. These

sequences adopt generally a b-strand structure in the mis-

folded and aggregated amyloid proteins. However the proof

that the small and isolated SRE is adopting a b-strand
structure alone or in interaction with the amyloid proteins

is not or only partially provided. For example, peptide

derivatives of b6 and b7 strands of superoxide dismutase

1 (SOD1) have been designed to inhibit the formation of

aggregates of SOD1 that is suspected to be an amyotrophic

lateral sclerosis (ALS) pathogenic protein, whose misfolding

participates to the death of motor neurons [6].

The use of isolated SRE derivatives has been also

exploited for inhibiting the aggregation mediated by

b-sheet interactions of Amyloid b (Ab) peptide and of

Tau protein in Alzheimer’s disease (AD) [7].
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Table 1

Classification of the peptides and peptidomimetics used according to their structures, the PPI partners, and the associated pathologies.

Structural approach Protein–protein interaction partners Targeted pathology Ref.

b strand mimics Superoxide dismutase 1 (SOD1)

aggregation

Amyotrophic lateral sclerosis (ALS) [6]

Amyloid b peptide Ab(1-42) aggregation Alzheimer’s disease (AD) [7–10]

Tau protein aggregation Alzheimer’s disease (AD) [7]

PDZi domain of a-1 syntrophin/PDZ domain

of neuronal nitric oxide synthase (nNOS)

Duchenne muscular dystrophy [11]

Linear peptide derivatives

containing b-sheet

breaker element

Human Islet Amyloid PolyPeptide (hIAPP)

aggregation

Type 2 Diabetes Mellitus (T2DM) [12,13,14,16]

Amyloid b peptide Ab(1–42) aggregation Alzheimer’s disease (AD) [15,18–20]

Insulin aggregation Impairment in insulin absorption and

immune response in insulin injection

amyloidosis, autoimmune response in

Parkinson’s disease

[17]

Cyclic b-hairpin mimics Intercellular adhesion molecule (ICAM-1)/

lymphocyte associated antigen-1 (LFA-1)

Autoimmune diseases (prevention of

allograft rejection, rheumatoid arthritis,

Insulin-Dependent Diabetes Mellitus

(IDDM), psoriasis)

[23,24]

PDZi domain of a-1 syntrophin/PDZ domain

of neuronal nitric oxide synthase (nNOS)

Duchenne muscular dystrophy [25]

Amyloid b peptides Ab(1-40) et Ab(1-42)

aggregation

Alzheimer’s disease (AD) [26,30,32]

Human Islet Amyloid PolyPeptide (hIAPP)

aggregation

Type 2 Diabetes Mellitus (T2DM) [26,31]

T cells glycoprotein CD2 (lymphocyte

function-associated antigen-2)/epithelial

cells CD58 (lymphocyte function-

associated antigen-3)

Autoimmune diseases (rheumatoid

arthrisis)

[27,28]

Epidermal Growth Factor Receptor (EGFR)

dimerization

Carcinomas (cell growth and proliferation) [29]

Human b2-microglobulin (Hb2M)

aggregation

Dialysis-related amyloidosis (DRA) [32]

Human a-synuclein (haSyn) aggregation Parkinson’s disease [32]

Other macrocycles Amyloid b peptide Ab(1-42) aggregation Alzheimer’s disease (AD) [35,36]

PDZ3i domain of postsynaptic density-

95 kDa protein (PSD-95) with NDMA

receptor

Antinociceptive activity in chronic pain [37,38]

K-Ras, GTP binding protein (Kirsten Rat

Sarcoma Virus)/K-Raf (Rapidly Accelerated

Fibrosarcoma)

Solid tumors [39,40��,41]

Acyclic b-hairpin

mimics

Amyloid b peptide Ab(1-42) aggregation Alzheimer’s disease (AD) [42,44��,45,46,47�]
Human Islet Amyloid PolyPeptide (hIAPP)

aggregation

Type 2 Diabetes Mellitus (T2DM) [43]

Transthyretin (TTR) aggregation Familial Amyloid Polyneuropathy (FAP),

Senile Systemic Amyloidosis (SSA)

[42,47�]

Helix mimics Human islet amyloid polypeptide (hIAPP)

aggregation

Type 2 Diabetes Mellitus [48,49,50��]

Amyloid b peptide Ab(1-42) aggregation Alzheimer’s disease (AD) [49,51,52��,53]
Tweezer molecules HIV-1(Human Immunodeficiency Virus type

1) protease (PR) dimerization

Human immunodeficiency virus infection

and acquired immune deficiency syndrome

(HIV/AIDS)

[54–60]

Amyloid b peptide Ab(1-42) aggregation Alzheimer’s disease (AD) [61]

Proteins, antibodies Superoxide dismutase 1 (SOD1)

aggregation

Amyotrophic lateral sclerosis (ALS) [62�]

Amyloid b peptide Ab(1-40) aggregation Alzheimer’s disease (AD) [63]

SUMO-dependent PPI Tumor development and metastasis,

neurodegenerative disorders, metabolic

abnormalities, cardiac fibrosis

[64]

Human Islet Amyloid PolyPeptide (hIAPP)

aggregation

Type 2 Diabetes Mellitus (T2DM) [65]

Human a-synuclein (haSyn) aggregation Parkinson’s disease [66]

i The PDZ domain is a protein domain of 80–100 aa mediating a variety of protein–protein interaction in eukaryotic cells, involved in signal

transductions pathways. Its name is derived from the initials of the 3 proteins, in which this domain was discovered: PSD-95, DLG, ZO-1.
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Peptide and peptidomimetic strategies developed to inhibit PPIs involving b-sheet structures.
A series of b-strand mimics containing unnatural amino

acids has been reported to inhibit PPIs mediated via

b-sheets. Peptide analogues containing L-amino acids

of the SRE alternating with a,a-disubstituted amino

acids, were described as able to interact with amyloid

proteins through the formation of b-sheet assemblies, in

order to inhibit their aggregation [8,9]. Peptidomimetics

composed of dipeptides inserted between two 3-amino-

pyrazole-5-carboxylic acids as amino acid mimics were

designed to match the hydrogen bonds network of a

b-sheet and led to water soluble Ab ligands (compound

1, Figure 2) [10].

The constrained 4,5-dihydro-2(3H)-pyrazinone moiety

was described as favouring an extended b-strand confor-

mation as it was able to reproduce the hydrogen-bonding

network and the side-chain functionality of a natural

b-strand. Pentapeptide mimics containing two pyrazi-

none units were designed to inhibit the interaction of

the PDZ domain of a-1 syntrophin with nNOS. These

compounds bound selectively the PDZ (see the note i of
www.sciencedirect.com 
Table 1 for the meaning of PDZ) domain of a-1 syntro-

phin more tightly than the peptidic analogue and were

more stable towards proteolysis (compound 2, Figure 2)

[11].

Unstructured linear peptide derivatives
Small peptides not adopting any preferential conforma-

tion have also been described as inhibitors of PPIs

involving b-sheet structures. Scanning of peptide combi-

natorial libraries obtained by phage display allowed the

identification of new peptides as inhibitors of Ab(1–42)
aggregation [7].

Small peptides inspired by the amyloidogenic sequence of

amyloid proteins but containing a b-sheet breaker element

designed to disturb the formation of b-sheet structure have

been extensively described. For example, proline, a-ami-

noisobutyric acid (Aib) and a,b–dehydrophenylalanine
have been used [12–14]. More recently, inserting a

2-aminobenzoic or 3-aminobenzoic acid moiety into the

amyloidogenic sequence of Ab(1–40) or of human islet
Current Opinion in Chemical Biology 2019, 52:157–167
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Figure 2
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Examples of b-strand mimetics (1,2), linear peptide derivatives containing a b-sheet breaker element (3,4) cyclic b-hairpin mimics (5-9) and other

cyclic peptide derivatives (10,11).

Current Opinion in Chemical Biology 2019, 52:157–167 www.sciencedirect.com
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amyloid polypeptide (hIAPP) allowed the efficient inhibi-

tion of Ab(1–40) and hIAPP aggregation respectively,

probably because introduction thereof induced a kink in

the peptide that also prevented the self-aggregation of the

peptide derivatives (compound 3, Figure 2) [15,16]. In

contrast, inserting 4-aminobenzoic acid maintained the

extended structure of the parent peptide and induced

self-aggregation of the small peptide and showed no effect

in preventing hIAPP aggregation [16].

Small peptides not directly based on the amyloid

sequences have been also designed. Trp-Trp-Taurine

tripeptide (taurine is 2-aminoethanesulfonic acid) and

its dimer were evaluated to consider the electrostatic

effect of the sulfonic acid group in a hydrophobic

sequence on insulin aggregation. The dimer was an

efficient inhibitor of insulin aggregation potentially by

binding and stabilizing the a-helix-rich native structure

preventing the conformational transition to b-sheet
[17].

Inserting sugar moiety in peptides was also proven to increase

amyloid aggregation inhibition, particularly of Ab(1–42) and

Tau in AD (Ac-LPFFD-Trehalose) [18,7]. Our group intro-

duced the use of a hydrophilic D-glucopyranosyl scaffold,

linked through aminoalkyl and carboxyethyl linkers in

theC1andC6positions linkedto twohydrophobicdipeptides

or peptidomimetics based on a 5-amino-2-methoxybenzhy-

drazide unit (compound 4, Figure 2) [19,20]. The sugar

moiety, acting as the b-sheet breaker element, was essential

to prevent the formation of oligomers and fibrils by disrupting

soluble oligomers of Ab(1–42).

Cyclic peptide derivatives
Cyclic b-hairpin mimics

Cyclic peptides have received recent and increasing

interest as potential drugs as they offer enhanced phar-

macokinetic profiles in terms of oral bioavailability,

increased metabolic stability and higher cross membrane

properties. Cyclisation reduces the flexibility of the

peptide derivatives improving their binding properties

and reducing the entropic penalty upon binding [21,22��].

In particular, cyclic peptide derivatives adopting b-hairpin
structures can be used to inhibit PPIs involving b-sheet
structures. The main reported design of these kind of cyclic

peptides was based on peptidic sequences of one partner of

the PPIs that were cyclized through natural or mimics of

b-turns.

Cyclic dodecapeptide derivatives were shown to inhibit

the ICAM-1/LFA-1 interaction mediating T-cell adhe-

sion, involved in autoimmune diseases. They were based

on a Pro-Arg-Gly sequence inducing a b-turn structure,

and on sequences of the N-terminal region of domain 1

(D1) of ICAM-1 closed by a disulfide bridge. They

adopted a similar structure to the b-hairpin formed
www.sciencedirect.com 
between D1 and LFA-1. They showed higher inhibition

activity than the linear hexapeptides analogues [23,24]. In

the context of the interaction of the PDZ domain of a-syn-
trophin with nNOS, cyclic b-finger peptides (15–23 aa)

adopted an anti-parallel b-sheet structure based on

C-terminal sequences of nNOS and a D-Pro-Gly b-turn.
They prevented the interaction with the PDZ domain of

a-syntrophin more efficiently than the linear or retro

analogues [25].

17-Residue peptides cyclized through two disulfide-bridged

cysteines and containing only four hIAPP-derived side

chains inhibited both hIAPP and Ab more strongly than

linear peptides based on hIAPP sequences. Inverting the

chirality of certain residues led to a selective inhibitor of Ab
and strongly improved proteolytic stability in human plasma

and BBB crossing ability [26].

The interaction between the T-cell glycoprotein CD2

and epithelial cells CD58 plays an important role in

autoimmune diseases such as rheumatoid arthritis. The

CD58-CD2 interface contains two b-sheets. b-Hairpin

mimics using a D-Pro-Pro or dibenzofuran turn mimetic

and b-strand sequences of CD2 that bind CD58 were

designed (compound 5, Figure 2) [27,28].

Peptide-based macrocycles using the native sequence of

human EGFR and constrained by a triazolyl-bridge of

variable length were proteolytically stable and provided

the inhibition of EGFR dimerization, that is involved in

cell growth and proliferation (compound 6, Figure 2) [29].

Cyclic b-hairpin mimics not based on the SRE have also

been reported. The natural cyclic decapeptide Gramici-

din S and analogues alternating b-amino acids and

unnatural a-amino acids such as pentafluorophenylala-

nine (compound 7, Figure 2), were shown to interfere

with the b-sheet structures of Ab(1–40) to inhibit its

fibril formation [30].

A strategy to stabilize b-hairpin structures lies in introducing

mimicsofb-strands. Macrocyclic b-sheet mimics containing

two b-strands and two d-linked ornithine turns were able to

inhibit selectively amyloid protein aggregation. One strand

was composed of heptapeptide sequences selected from

different amyloid proteins (Ab, human b2-microglobulin,

human a-synuclein, hIAPP). The second strand, designed

as the blocking edge, contained an unnatural tripeptide

b-strand mimic (Hao, abbreviation of hydrazine, 5-amino-

2-methoxybenzoic acid, oxalic acid), flanked by two

dipeptides (compound 8, Figure 2) [31,32].

Other strategies to stabilize b-hairpin structures were

found such as the hydrogen bond surrogate (HBS)

approach, in which a main chain hydrogen bond was

replaced by a covalent linkage (such as the olefin HBS

linkage in compound 9, Figure 2) [33]. However, to our
Current Opinion in Chemical Biology 2019, 52:157–167
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knowledge no particular use of this methodology has yet

been reported to inhibit a specific PPI.

Other macrocycles

In some cases, cyclic peptides designed as inhibitors  of PPIs

involving b-sheet structures do not adopt any preferential

conformation (or the conformation is not specified). In the

context of amyloid proteins, cyclic peptides based on SRE

have displayed powerful and specific inhibition of amyloid

aggregation and have been proven in some cases to be more

efficient than their linear peptide parent [34,35]. A library of

cyclic hexa-D,L-a-peptides built by alternating D and L a
amino acids were screened for their capacity to inhibit Ab(1–
42) aggregation [36]. They could stack to adopt b-sheet-like
nanotube structures and to cross-interact with amyloid

peptides.

A series of cyclic peptides was developed to target the

PDZ-3 domains of PSD-95 with NDMA receptor. The

cyclization, performed via a bridge residue of variable

lengths between two side chains, increased the binding

affinity with PSD-95 and reduced the enzymatic degra-

dation relative to the linear peptide (compound 10,
Figure 2) [37]. Lengthening the linear part of the cyclic

peptide with 7 Arginine residues increased the cell

permeability [38].

Bifunctional, macrocyclic molecules have been designed to

inhibit the PPIs of K-Ras and its effector proteins such as

Raf, involved in solid tumours. However, the large and flat

interfaces between K-Ras and its effector proteins prevent

a small molecule to make sufficient interactions to achieve

high affinity and specificity. The rapamycin analogue

(‘rapalog’) concept for inhibition of PPIs has been applied

using a bifunctional, macrocyclic molecule that first binds

to endogenous FK506-binding protein (FKBP). The rapa-

log-FKBP complex formed a steric block which prevented

the interaction of K-Ras with its effector. A linear peptide

sequence of 4–6 amino acid residues linked to the macro-

cycles aimed at improving the binding affinity and selec-

tivity to K-Ras [39].

Another strategy integrating K-Ras binding and the

cell-penetrating peptide (CPP) Arg-Arg-nal-Arg-Fpa

(nal for D-b-naphthylalanine, Fpa for L-4-fluorophenyla-

lanine) into a single cyclic peptide allowed membrane

permeability but might alsoplaya role in physically blocking

K-Ras interaction with its effectors [40��]. By screening a

combinatorial library, the same group described

bicyclic peptides, which contained an invariant powerful

CPP (F-NAL-RRRRQ) in the first cycle and 8 residues in

the second cycle leading to a moderately potent and cell-

permeable K-Ras inhibitor (compound 11, Figure 2) [41].

Acyclic b-hairpin mimics
Even if cyclic peptides have received an increasing

interest as therapeutics, more specifically to improve
Current Opinion in Chemical Biology 2019, 52:157–167 
the crossing of membranes and the stability towards

enzymatic cleavage, it is important to consider that the

greater flexibility of acyclic b-hairpin mimics can allow

them to adapt to the different shapes of the proteins that

engage in PPIs involving b-sheets. However, small and

acyclic b-hairpin mimics have been very rarely explored

as b-sheet binders and inhibitors of PPIs. This can be due

to the difficulty to stabilize linear peptides and analogues

in acyclic b-hairpin conformations.

Natural peptides can be stabilized by Trp-Trp non

hydrogen bonded cross-strand pairs, also called trpzip

peptides. Small b-hairpins based on this strategy were

designed to inhibit transthyretin (TTR) and Ab(1–42)
[42] and hIAPP aggregation [43].

Next to natural b-turns also mimics of b-turns have been

designed both to stabilize the b-hairpin conformations as

well as to increase the stability towards proteolysis. For

example, efficient inhibitors of aggregation have been

developed in our group, using piperidine-pyrrolidine and

2,5-diketopiperazine b-turn inducers (compounds 12 and

13, Figure 3) [44��,45,46]. Peptidic strands were progres-

sively replaced by shorter peptides and peptidomimetic

arms [45,46].

A novel secondary structure called a-sheet has been

described as being involved in the structuration of amy-

loidogenic regions of amyloid proteins. a-Sheets are

similar to b-sheets, but while in b-sheet the NH and

C¼O groups are alternating along the strands, in a-sheets
the NH groups are aligned on one side and the C¼O on

the other. A plane flip can convert the a-sheet into a

b-sheet. a-Sheet mimics containing one turn and alter-

nating D-amino and L-amino acids were designed and

described as inhibitors of TTR and Ab(1–42) aggregation

[47�].

Helix mimics
A very recent strategy to inhibit PPIs involving b-sheets
in an indirect way, is to trap amyloid proteins such as Ab
(1–42) and hIAPP into their non-toxic monomeric forms

by targeting their a-helix conformation before they

switch to b-sheet conformations that induce the aggrega-

tion process. For that purpose, only a few helix mimics,

more particularly foldamers, have been reported. Oligo-

quinoline (compound 14, Figure 3) [48,49] and oligopyr-

idylamide (compound 15, Figure 3) [50��,51,52��] showed

the ability to induce a-helical conformation of Ab and

hIAPP and to prevent their aggregation.

Foldamer-dendrimers, in which four helices were based

on b3-amino acids with proteinogenic side-chains, alicy-

clic b-amino acids with 6-membered or 5-membered side

chains, and natural amino acids, were developed and

could tightly bind Ab oligomers (compound 16, Figure 3)

[53].
www.sciencedirect.com
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Figure 3
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Examples of acyclic b-hairpin mimics (12,13), helix mimics (14-16) and tweezer molecules (17-20).
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Tweezer molecules
Tweezer molecules have been described to destabilize

PPIs involving protein dimerization, in particular the

dimerization interface of the HIV-1 protease (PR), which

consists of an interdigitating four stranded antiparallel

b-sheet formed by the N-termini and C-termini of the two

PR monomers. The strategy employed was to design

molecular tweezers built on a central tether on which

two arms derived from the interfacial sequence of PR

were linked in order to bind by interdigitation the

N-termini and C-termini of one PR monomer, preventing

its dimerization. Our group described tongs based on rigid

aromatic tethers (resorcinol, 2.6-pyridinediol, 2.7-naphtale-

nediol, 2.7-quinolinediol) linked to two tripeptidic strands

by a carboxypropyl arm [54]. Peptidic arms were then

substituted by b-strand mimics introducing various motifs

such as 3-amino-6-methylpyridin2(1H)-one (compound 17,
Figure 3) [55], 5-amino-2-methoxy-benzhydrazide [56],

and carbonylhydrazide groups (compound 18, Figure 3)

[57], to afford PR dimerization inhibitors showing better

efficiency and resistance towards proteolysis. The group of

Chmielewski reported inhibitors based on a more flexible

aliphatic tether bearing peptidic arms [58] and peptoid

arms (compound 19, Figure 3) [59]. Tongs based on a

4-(2-aminoethyl)-6-dibenzofuranopropionic acid scaffold

were further reported to inhibit both PR dimerization

and amyloid protein aggregation (compound 20, Figure 3)

[60,61].

Proteins and antibodies
Proteins and antibodies can adopt a variety of secondary

structures that can provide high specificity. Their use as

inhibitor of PPIs involving misfolding and aggregation has

been described. Variants of the protein HBT1 were used

to design inhibitors of PPIs in SOD1 aggregation in ALS

[62�] and to inhibit Ab(1–40) aggregation in AD [63].

Artificial binding protein inhibitors of SUMO-dependent

PPIs have been reported [64]. Engineered binding pro-

tein sequesters of b-hairpin conformation of amyloid

proteins have been selected by phage display to specifi-

cally inhibit the aggregation of amyloid proteins. Mirecka

et al. have, for example, selected two b-wrap proteins able

to bind the b-hairpin conformation of hIAPP [65] and

a-synuclein [66] respectively.

Conclusion
The occurrence of PPIs involving b-sheet secondary

structures is probably still underestimated. However,

they have been already questioned in many diseases that

crucially need therapeutics. This class of PPIs is particu-

larly involved in cancer, autoimmune diseases, viral

infections and amyloidoses that concern at least twenty

degenerative diseases. The strategy aiming at using

peptide derivatives and peptidomimetics is of particular

interest because this class of small molecules can adopt

proper conformations to block PPIs. Furthermore, they

generally offer greater efficacy and selectivity, and a
Current Opinion in Chemical Biology 2019, 52:157–167 
reduced risk of side-effects compared to other small

organic molecules. Peptidomimetics show resistance

towards proteolysis and can cross cell membranes and

the blood-brain barrier. According to the different classes

of compounds listed in this review, from small linear

peptides to large cyclic peptides and proteins, the use

of compounds between 1000 and 2000 Da offers a good

compromise between druggability properties and satis-

factory interaction with rather large surfaces of the PPI

partners. Among the most represented classes, cyclic

peptides constitute the most efficient compounds. How-

ever, the more recently studied acyclic peptidomimetics,

that adopt flexible b-hairpin conformations, are also par-

ticularly promising to inhibit PPIs involving a b-sheet
structuring of the hot-spot residues. Selectivity can be

achieved by mimicking the hot-spot sequence of one

protein partner. Of particular interest is the less reported

use of helix mimics to stabilize intrinsically disordered

proteins in their helical conformation in order to prevent

their folding into the b-sheet conformation involved in

the pathological PPI processes. According to the state of

the art presented in this review, it is probably still too

early to establish if inhibitors of PPIs involving b-sheet
structures have a real future as therapeutics, because only

scarce and preliminary studies have been reported. Nev-

ertheless, the fact that some peptide derivatives and

antibodies inhibiting Ab(1–42) or Tau aggregation in

AD have reached clinical trials [7], underscores the

potential of this strategy. In addition, in vivo validation

of the inhibition of the hetero dimerization of proteins

through b-strand interactions was obtained in the case of

PSD-95/NMDA inhibitors that showed anti-nociceptive

effect [38] and activity in the treatment of stroke [67].

To our opinion, four main factors have jeopardized the

development of PPI inhibitors involving b-sheet struc-

tures as therapeutics. First, the discovery of this kind of

PPIs is more recent than in the case of PPIs involving

helical structures so less perspective is available. Sec-

ondly, this kind of PPIs generally involves hydrophobic

residues. Thus, the first studied peptides and peptido-

mimetics, inspired by the hot-spot residues, were poorly

soluble and in addition, by the nature of their structure

mimicking b-strands or b-sheets, could aggregate. The

introduction of polar groups in inhibitors has proven that

hydrophilicity can be increased while activity is main-

tained. Thirdly, the evaluation of compounds on PPI

interference by non-classical biophysical and biochemical

techniques is more challenging than the evaluation on

more classical targets such as enzymes, receptors, or ion

channels. The recent development of robust techniques

to study PPIs should help. Finally, the use of peptides in

clinics has encountered cost and pharmacokinetic pro-

blems. New synthetic strategies to improve productivity

and to increase the half-life and bioavailability of peptides

and peptidomimetics, along with alternative routes of

administration, have allowed a larger number of
www.sciencedirect.com
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peptide-based drugs to be now marketed [68,69]. The

next decade should allow us to assess whether the inhi-

bition of b-sheet formation in PPIs by peptides and

analogues can offer real therapeutic opportunities.
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