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Chapter 1

Structural organization of
peptides

Kirtikumar PatelT

N. B. Mehta Science and Commerce College, Bordi, Palghar, Maharashtra, India

Nature makes every molecule for a specific purpose, such as nucleic acids to

store and transmit genetic information to the next generation, carbohydrates as

source of energy and raw materials for various natural products, lipids to build

structure of the cell, proteins to carry out reactions efficiently at ambient condi-

tions. Among these, the proteins are by far the most versatile biomolecules.

They adapt to perform various roles in the cell such as catalyzing cellular pro-

cesses, storing of essential metal ions, quenching of harmful intermediates such

as superoxide, building defenses for the organism in the form of antibodies, and

many more. They are among the fastest and highly specific in their function.

Proteins are polymers of L-α-amino acid in alphabet that encodes the

information from its sequence to perform its function as an enzyme

(Branden & Tooze, 1998). Although astronomical in possibilities of interac-

tions along their sequences, proteins form a defined three dimensional struc-

ture, which according to Anfinsen are sequence-defined minima in free

energy (Anfinsen, 1973; Anfinsen & Scheraga, 1975). Anfinsen’s experiment

with ribonuclease identified amino acid sequence as the sole arbiter of pro-

tein folding (Anfinsen, 1973). The studies of Anfinsen have now become the

subject of interest to understand the role of sequence in lowering free energy

in protein folding and its function.

The three-dimensional structure adopted by a protein is dependent on its

environment, the temperature, the pressure, and the solvent or molecular sur-

roundings. Often, the “folded” conformation of a polypeptide is only margin-

ally more stable than the “unfolded” conformation (Daura et al., 2001;

Daura, Gunsteren, & Mark, 1999). The combined results of experiment and

theory with atomistic models of polypeptides are laying the foundations for

the knowledge of protein folding.
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Polypeptides are designed sequentially in amino acid side-chain structures

as alphabet for their specific role as receptors, enzymes, antibodies, etc. The

method evokes interest as a technology for practical applications, but

remains in mystery about its working principles. Researches are undertaken

in individual amino acid side-chain structures to clarify their roles in struc-

ture of a protein or catalytic activity of an enzyme. The studies are pursued

either biochemically or chemically. The biochemical approach involves inter-

changing the amino acid side-chain positions and studying the effects in pro-

tein structure or enzyme function also known as top-down approach. The

chemical approach, on the other hand, involves modifying the amino acid

side chains in specific structural detail and studying the effects in synthetic

polypeptides also known as bottom-up approach. The bottom-up approach

offers the advantage that simple polypeptide structures can be used and

experiment and theory can be combined to study the principles. In addition,

the bottom-up approach offers the advantage that de novo protein design can

be extended in scope with additions to the alphabet of nature.

Anfinsen pioneered the top-down approach with his experiment of

folding-unfolding of ribonuclease (Anfinsen, 1973). Combined with the site-

directed mutagenesis, top-down approaches are insightful of the residue con-

tributions in stability and specificity of conformation. Anfinsen suggested

that the folding process might be highly cooperative (Anfinsen, 1973).

Cooperativity of protein folding is shown experimentally by Tanuichi. In the

experiment, RNAse A was unable to fold when four C-terminal residues

were removed (Tanuichi, 1970). Thus showing the importance of sequence

in protein folding and also eradicating the possibility of folding during pro-

tein synthesis. Similar results have been reported in small peptide models

where segments like β-turns have been used as conformational nucleators to

enable the peptide to fold into a predefined three-dimensional structure

(Venkatraman, Shankaramma, & Balaram, 2001). The top-down approaches

have mainly focused on the effects of specific residues either in folding or

imparting function to the protein.

The bottom-up approach, pioneered by Pauling (Pauling & Corey, 1951a,

1951b) and Ramachandran (Ramachandran & Sasisekaran, 1968;

Ramachandran, Ramakrishnan, & Sasisekaran, 1963), identifies generic proper-

ties of the polypeptide structure that might be critical in folding. Pauling clari-

fied the importance of amide planarity and hydrogen bond geometry in folding.

Ramachandran demonstrated the role of excluded volume effects in constraining

ϕ,ψ space in polypeptides. Apart from hydrogen bond and excluded volume

effects, variety of molecular interactions are operative in native proteins like,

electrostatic interactions (Avbelj & Baldwin, 2002; Avbelj & Moult, 1995), dis-

persion interactions, hydrophobic effect (Chan & Dill, 1991; Dill, Truskett,

Vlachy, & Hribar-Lee, 2005; Dill, 1990; Kauzmann, 1959) etc.

The bottom-up approach allows to test the involvement of each interac-

tion in protein folding and in imparting function to the polypeptide chain.

2 De Novo Peptide Design



This approach offers an advantage in de novo design of protein folds that

may impart novel functions or it may be used to study the effect of certain

interactions in protein folding. Recent studies involving interactions within

protein structures and with surrounding solvent molecules have begun to

give some understanding of the principles involved but much remains to be

uncovered. The principles may be analyzed at the level of interactions

involving main chain structures, the side-chain structures, and the structures

of cofactors and substrates involved in enzyme catalysis.

1.1 Molecular interactions for protein folding

The overall stability of three-dimensional structure of the protein is dependent

on the contributions made by several different forces such as hydrogen bond-

ing, intrinsic propensities of sequence, main chain and side-chain electrostatics,

main chain conformation and side-chain entropy, and van der Waals forces.

These forces between protein side chains form the determining factor in protein

folding and are thus determinants of protein tertiary and quaternary structure.

1.1.1 Hydrogen bonds

Hydrogen bond is an electrostatic force of attraction between partial positive

charge of hydrogen atom bonded to an electronegative atom or group and

electron-rich another electronegative atom possessing lone pair of electrons.

The main component of the hydrogen bond is an electrostatic interaction

between the dipole of the donor atom with partial negative charge, with the

other electronegative atom, the acceptor, bonded to hydrogen atom with par-

tial positive charge. Due to its small size and partial positive charge when

covalently bonded to an electronegative atom, hydrogen atom is able to

interact strongly with another electronegative atom. Strong hydrogen bond is

formed when the donor, hydrogen, and acceptor are collinear, any deviations

from this result in decrease in the hydrogen bond energies (Scheiner,

Redfern, & Hillenbrand, 1986). The strength of the hydrogen bond is in the

order of 2�10 kcal/mole.

In proteins, hydrogen bonding is an electrostatic interaction between the

amide dipoles that comprise main chain structure of proteins. Chemical groups

in the proteins that most commonly serve as hydrogen bond donors are N2H,

O2H and less frequently S2H and C2H. It is natural to assume that hydro-

gen bonding is important for the conformational preferences of proteins.

While the main chain hydrogen bonding is important to protein folding defin-

ing the secondary structural elements, hydrogen bonding between the side

chains is crucial to protein2 protein interactions. The contributions of hydro-

gen bonds in protein interactions are clearly evident from the burial of polar

residues across protein interfaces, in spite of their desolvation cost, guiding the

specificity of protein2 protein interaction (Zhou, 2018).

Structural organization of peptides Chapter | 1 3



1.1.2 CH2π interactions

The traditional hydrogen bond is formed between an electron-rich donor and

hydrogen attached to an electron-deficient atom. Recently a number of non-

conventional hydrogen bonds are found in chemistry and biology that do par-

ticipate in the stabilization (Jiang & Lai, 2002; Weiss, Brandl, Suhnel, Pal,

& Hilgenfeld, 2001). Though weaker than conventional hydrogen bonds,

these kinds of hydrogen bonds participate in specificity for recognition. The

CH2π interaction, between electron-deficient CH and an electron-rich aro-

matic ring, is one such kind of a nonconventional hydrogen bond. Examples

include the interaction of the electron-deficient δCH of proline with aromatic

rings (Bhattacharyya & Chakrabarti, 2003). The CH residues of sugars inter-

act favorably with the aromatic residues; the sugar C2H residues have a

significant partial positive charge on their hydrogen atoms as a consequence

of an inductive effect provided by the neighboring O and OH groups

(Sujatha, Sasidhar, & Balaji, 2007).

1.1.3 van der Waals interactions

Atoms attract each other even in the absence of charge due to the induced

polarization effects. These interactions between two atoms are called the van

der Waals interactions and are basically steric interactions (Dahiyat & Mayo,

1997a,1997b). As two atoms approach each other there is an attraction

between atoms, weak and close range, varying as the sixth power of distance

between them (Pollard & Earnshaw, 2017). However, as they come near

enough for their electron orbitals to overlap there is a strong repulsion. The

repulsive energy is often said to increase with the 12th power of distance

between the centers of two atoms. The attraction between atoms can be that

between two permanent dipoles, a permanent and induced dipole, and those

between two mutually induced dipoles, which are also called as London or

dispersion forces. Thus these forces are predominantly electrostatic in origin.

The dispersion interaction is most commonly described by the Lennard Jones

6�12 potential. The optimal distance for interaction is usually 0.3�0.5 Á

greater than the sum of their van der Waals radii.

1.1.4 Hydrophobic interaction

Hydrophobic interaction is one of the most common interactions that contri-

butes toward protein structure, stability, and folding (Kauzmann, 1954,

1959). This involves interactions between nonpolar groups. The magnitude

of hydrophobic interaction is usually measured as the free-energy of transfer

∆Gtr of a nonpolar molecule in gas, liquid, or solid state to water. According

to the hydrophobic mechanism, a protein folds by burial of its nonpolar
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residues in the core, secluded from the solvent while exposing its polar resi-

dues to the solvent.

1.1.5 Electrostatic interactions

All molecular interactions are primarily electrostatic in origin. Unlike all

other interaction forces, the electrostatic interactions are long range varying

inversely with the second power of the distance as described in the Coulomb

equation.

In proteins, electrostatics is contributed by the peptide backbone and the

charged amino acid side chains. Both the electrostatic interactions of the

peptide as well as specific charged interactions between the ion pairs are

vital to protein stability. Protein recognition sites and interfaces are rich in

both polar and charged residues where they play important structural and

functional roles. The energetic role of salt bridges in protein structure stabil-

ity has been found to vary (Fersht, 1972; Meyer, Castellano, & Diederich,

2003; Perutz & Raidt, 1975; Sheinerman, Norel, & Honig, 2000; Warshel &

Russell, 1984). Solvent-exposed salt bridges contribute only marginally

whereas a buried salt bridge contributes up to 5 kcal/mol toward native state

stability. Burial of salt bridges in cores of protein interfaces is probably to

intensify the electrostatic interactions across subunits.

1.1.6 Aromatic2 aromatic (π2π) interactions

Proteins contain aromatic residues like Phenylalanine, Tyrosine, Tryptophan,

and Histidine that are generally found in protein cores and are known to be

involved in aromatic interactions (Burley & Petsko, 1985; Meyer et al.,

2003). These interactions though weaker than hydrogen bonding are found to

be quite prevalent in structural studies of proteins (McGaughey, Gagne, &

Rappe, 1998). They contribute significantly in biomolecular recognition.

Aromatic cluster in the active site of ATP synthetase is found to recognize

ATP via π2π interactions (Masunov & Lazaridis, 2003; Moodie, Mitchell,

& Thornton, 1996).

1.1.7 Cation2π interaction

The cation2π interactions can be considered an ion2 quadrupole interac-

tion between positively charged group and an electron-rich π-cloud of the

aromatic ring (Ma & Dougherty, 1997; Tatko & Waters, 2003). Like conven-

tional interactions, hydrophobicity or hydrogen bonds, even cation-π interac-

tions play an important role in molecular recognition. One of the classical

examples is that of binding of acetylcholine to the enzyme acetylcholine

esterase. The enzyme plays a crucial role at cholinergic synapses by hydro-

lyzing acetylcholine, thereby terminating synaptic transmission. The enzyme

Structural organization of peptides Chapter | 1 5



active site interacts via its aromatic cluster with quaternary ammonium group

of acetylcholine.

1.2 Poly-alanine models and the energetics of protein
folding

Alanine is the parent prototype for all the protein-coding amino acids, except

glycine, which are its derivatives modified in side chain. The side chains are

α-carbon substituents joined always in L-configuration. The consequent chi-

rality of alanine and its derivatives renders N2Cα and Cα2CO bonds in

residue-level structure rotationally anisotropic. The anisotropy imparts asym-

metry to Ramachandran ϕ,ψ diagram for L-alanine dipeptide (Ac-Ala-

NHMe) and its derivatives, contrasted with the symmetry of glycine residue

(Ac-Gly-NHMe) being achiral in α-carbon (Ramachandran & Sasisekaran,

1968; Ramachandran et al., 1963). Alanine and its derivatives have sterically

permitted access in β, αL, and αR conformational zones of Ramachandran

diagram. Consequently, being perceived to unfold from “order-to-disorder,”

unfolded proteins are thought of as accessing the sterically allowed spaces in

Ramachandran diagram statistically, being considered as “random coils”

(Ramachandran et al., 1963) in so-called protein-folding funnel model repre-

sented as its smooth upper edge. Lacking apparent coding with side chains,

oligo-alanines may be thought of nonspecific in conformation. However,

when greater than the critical threshold of about 20 residues, oligo-L-alanines

are α-helical folds showing rudiments of two-state cooperativity, making

them legitimate “protein” models (Kumar, Ramakrishnan, Ranbhor, Patel, &

Durani, 2009). Based on this observation, alanine is considered as helix-

loving in its coding characteristics. The ordering of oligo-alanine helices

manifests length-dependent cooperativity in polypeptide structure, as the

helices are lost if the chain is shorter than the critical length (Shi, Olson,

Rose, Baldwin, & Kallenbach, 2002; Shi, Woody, & Kallenbach, 2002).

Thus less than about 20 residue poly-alanines were regarded as the ideal

models for “unfolded” protein, which was presumed to be “random coil.”

Experimental and theoretical studies with alanine and oligo-alanines have

altered the perception radically (Head-Gordon et al., 1992). Instead of sam-

pling the sterically accessible Ramachandran ϕ,ψ space statistically, alanine

dipeptide has been found by experiment and theory to adopt extended con-

formation in correspondence of the right half of Ramachandran

β-conformational zone now called as its polyproline II helix (PPII) subbasin

(Shi, Olson, et al., 2002; Zagrovic et al., 2005). The preference for PPII con-

formation has been observed, in alanine dipeptide by nuclear magnetic reso-

nance spectroscopy (NMR) (Poon, Samulski, Weise, & Weisshaar, 2000),

molecular dynamics (MD) (Apostolakis, Ferrera, & Caflisch, 1999; Tobias &

Brooks, 1992), and by quantum mechanical calculations (Han, Jalkanen,

Elstner, & Suhai, 1998), in tri-alanine peptide by vibrational spectroscopy
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(Eker, Griebenov, & Schweitzer-Stenner, 2003; Schweitzer-Stenner, 2002)

and MD (Graf, Nguyen, Stock, & Schwalbe, 2007; Mu & Stock, 2002;

Tashiro, Kobayashi, & Fujita, 2006), and in longer alanine peptides by UV

Raman (Asher, Mikhonin, & Bykov, 2004). NMR and circular dichroism

(CD) evidence have shown oligo-alanines as ordered ensembles in PPII con-

formation (Kumar et al., 2009), while UV-Raman experiments confirm that a

21-residue α-helical alanine peptide melts into predominantly PPII confor-

mation (Mikhonin & Asher, 2006). Quantum mechanical calculations

reported by Dannenberg and co-workers have clarified that alanine has its

conformation defined with combination of sterics and peptide solvation

(Wieczorek & Dannenberg, 2003, 2004, 2005). In absence of methyl side

chain, glycine dipeptide and its oligomers have the energy minima in

symmetry-related corners of ϕ,ψ surface in correspondence of ϕ51/2 180

and ψ51/2 180 (Henzler, Wilson, Lee, & Ramamoorthy, 2003; Munoz,

Puiggali, Rodriguez, & Subirana, 1983; Ohnishi, Kamikubo, Onitsuka, &

Shortle, 2006) Methyl in L-configuration will break the symmetry-shifting

minimum to the left edge of Ramachandran β-basin. Immersion of the struc-

ture in water will cause minima on ϕ,ψ surface to shift as solvent-promoted

minima to the right edge of Ramachandran β-basin called its PPII subbasin.

Extended but not to sufficient length for α-helix folding, oligo-alanines

were proposed by Kallenbach and co-workers to adopt extended PPII confor-

mation called PPII helix (Shi, Olson, et al., 2002) The studies were per-

formed with the hepta-alanine model peptide XAO of the structure Ac-

X2Ala7O2-amide with diaminobutyric acid (X) and ornithine (O) residues as

solubilizers. Based on NMR and CD the peptide was suggested to be in PPII

conformation to at least 90% at 275K, devoid of even nascent type

α-helices, and displaying B12% increase in β-type conformation at 325K

(Shi, Olson, et al., 2002). The follow-up studies of this peptide and similar

other oligo-alanines have established that while these peptides were macro-

scopically in PPII helix conformation as reflected with NMR and CD, they

were dynamic ensembles of PPII microstates largely folded in β-turn confor-

mation (Nguyen, Marchut, & Hall, 2004; Ramakrishnan, Ranbhor, & Durani,

2004; Soto, Baumketner, & Shea, 2006; Thorpe, Zhou, & Voth, 2008). The

basis for the paradoxical extended conformation in macrostate and folded

conformation in microstate was observed to be the consequence of homochir-

al stereochemistry (Kumar, Ramakrishnan, Ranbhor, Patel, & Durani, 2009;

Ramakrishnan, Ranbhor, Kumar, & Durani, 2006a, 2006b).

The poly-L stereochemistry was probed for possible role in protein fold-

ing using end-protected octa and nona-peptides of eight alanines or six ala-

nines interspersed with three equally spaced Lysine solubilizers (Kumar

et al., 2009). When poly-L in structure, the peptides were shown with NMR

and CD as the PPII ensembles unfolded as helices but with microcalorimetry

and MD as the PPII ensembles folded in β-hairpin conformation (Kumar

et al., 2009). The poly-L structure was proven to promote the dynamic
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equilibrium involving the unfolded state extended as helices and the folded

state bent as β-hairpins. The folding2 unfolding equilibrium was under sol-

vent control, the high dielectric environment in water promoting folding and

the low dielectric environment in methanol promoting unfolding.

Spectroscopic evidence with lysine solubilized nona-peptide proved its two-

state equilibrium with the appearance of isodichoric point in CD (Kumar

et al., 2009). The computational studies have suggested the role of the equi-

librium to manifest the interactions among peptide dipoles becoming frus-

trated due to poly-L structure. This can be cured by modifications to

alternating-L, D structure where the chain became impervious to solvent.

The frustration providing the likely control principle for chain folding was

proven to involve hydrogen bonds and electrostatics of peptide dipoles in

mutual conflict as by abolishing the conflict the chain became impervious to

solvent. The broad conclusion made was that the two-state nature of protein

folding is a result of electrostatic interactions among the dipoles of main

chain of poly-L structure in addition to the interactions of the side chains.

1.3 De novo protein design and stereochemical logic of
protein folding

De novo design critically tests the folding principles of the protein structure.

Designed proteins evoke interest as the aids for possibility of atom-by-atom

analysis of folding (Baltzer, Nilsson, & Nilsson, 2001). For the design of

receptors and enzymes for biosensing, signal transduction, catalysis, etc.

(Dwyer & Hellinga, 2004; Park, Yang, Saven, & Curr, 2004) and of thera-

peutics against bacterial, fungal, and viral infections and as complements of

immune system (Edwards, Cohen, & Bloom, 1999; Lazar, Marshall, Plecsy,

Mayo, & Desjarlais, 2003; Lee et al., 2002), the coded design could be a

powerful approach. The challenge in developing therapeutic peptides lies in

addressing proteolysis and the lack of bioavailability via oral route. The sus-

ceptibility of natural proteins to denaturation and proteolysis (Fersht, 1998)

motiviates explorations of non-peptides based on isosteric or iso-electronic

exchanges or involving β (Abele & Seebach, 2000; Gellman, 1998; Imamura

et al., 2009) or γ-peptides (Seebach, Beck, & Bierbaum, 2004), and peptido-

mimetics (Farrera, Giralt, Royo, & Albericio, 2007) as the design templates

novel in structure. While the foldamer design is currently an exciting field of

exploration (DeGrado, Wasserman, & Lear, 1989; Kaplan & DeGrado,

2004), de novo design of polypeptide folds harnessing L and D structure as

the stereochemical alphabet has also given exciting results (Durani, 2008).

1.3.1 Stereochemical principles in protein design

α-amino acid structure is stereogenic with the possibility of L and D stereo-

chemistry in side-chain attachment. The choice of configuration has fundamental
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bearing on conformational space in Ramachandran diagram, being asymmetric

due to the structural chirality in α-amino acid residue (Ramachandran &

Sasisekaran, 1968; Ramachandran et al., 1963). Although there is the choice of

enantiomeric structure in every residue, proteins are poly-L due to biological

reasons. The repeated stereochemistry over the length of peptide chain defines

both α-helix and β-sheet folds. Polypeptides of irregular sequence chirality, that

is, heterochiral sequences, can be sequence-defined folds (Durani, 2008), and

thus they can be stereochemically deteremined protein shapes. Nature does use

the conformational space favored for D-amino acids, but selectively with

Glycine as the surrogate D-amino acid specifically in β-turns, which are crucial

in their role in protein folding.

For fold design using stereochemistry as the alphabet, Ramachandran dia-

gram is the important starting point. Developed in the early sixties

(Ramachandran & Sasisekaran, 1968; Ramachandran et al., 1963), the dia-

gram represents intramolecular atom2 atom interactions within a dipeptide

unit as a function of the rotational angles ϕ and ψ, and captures the residue

level stereochemical effects in peptide conformation. The effect of R-group

size and attachment chirality is directly evident from Ramachandran dia-

gram. Sequence effects manifest the interactions among the R-groups that

are topological neighbors in a folded protein. The chemical and streochem-

ical roles of R-group as protein codes are important for protein structure.

The realization is the basis for protein design in which side chains are the

alphabet in not only their chemical but also the stereochemical structures,

being the basis for so-called shape-specific protein design. The shape-

specific protein design using L and D alphabet has rich precedent in the

understanding of stereochemistry in its role in protein β-turns.

1.3.2 β-Turn as stereochemically diverse conformational
nucleators

The most common structural element that brings about the chain reversal in pro-

teins is the so-called β-turn (Gunasekaran, Ramakrishnan, & Balaram, 1997;

Milner -White & Poet, 1986; Sibanda, Blundell, & Thornton, 1989; Sibanda &

Thornton, 1985). β-turns are frequently found as connecting units of secondary

structure such as α-helices and β-sheets. Different kinds of β-turns occur and

are differentiated based on the backbone dihedral angles of the central two resi-

dues (Rose, Gierasch, & Smith, 1985). The most common turns are types I, II,

and III and their inversion symmetry variants I0, II0, and III0. The characteristic

ϕ,ψ angles of these turn types are as shown in Table 1.1.

1.3.2.1 Homochiral turns

The turns in which the defining torsional angles are favored for either LL or

DD chiral dipeptide segment characterize the homochiral turns. The types
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I and III turns and their inversion symmetry variants types I0 and III0 turns are

all homochiral turns. The two turn types share an identical set of torsional

angles for the first corner residue and differ in the values of the second corner

residue. In the types I and I0 turns the second corner residue occurs in the neck

region between the α and β zones of Ramachandran plot. The type I turn is a

prototypical chain inverter involved in hairpin formation (Alvarado, Blanco, &

Serrano, 1996; Maynard, Sharman, & Searle, 1998). The type III turn, on the

other hand, is helix primitive than chain inverter being more commonly associ-

ated with helix termini (Nemethy & Scheraga, 1981).

1.3.2.2 Heterochiral turns

The types II and II0 β-turns are with ϕ,ψ values for the central two residues

that are favored in, respectively, L, D and D, L chiral dipeptide segments.

The majority of the turn conformations in proteins and peptides are of this

fundamental heterochiral type (Haque, Little, & Gellman, 1994;

Raghothama, Awasthi, & Balaram, 1998; Sibanda, Blundell, & Thornton,

1989; Struthers, Cheng, & Imperiali, 1996). The ability of LD/DL segment

to nucleate turns was theoretically recognized by Ramachandran and co-

workers (Ramachandran & Sasisekaran, 1968) and has subsequently been

widely exploited for designing synthetic sequences. Proline is the most

favored first corner residue in this turn type in proteins. Nature uses wide

conformational flexibility of Glycine residue and places it in the second cor-

ner position of type II and first corner position of type II0 turns, which are

otherwise inaccessible by the naturally occurring L-α-substituted amino

acids. Thus nature compensates the lack of D-amino acids by using Glycine

as the pseudo D-amino acid in the heterochiral turns. The majority of the

turn conformations in proteins and peptides are of this fundamental hetero-

chiral type. The reason for this choice of nature partly comes from the fact

that types II and II0 turns form stronger hydrogen bond due to favored

TABLE 1.1 Torsional angle values of types I, I0, II, II0, III and III0 β�turns for

(i1 1) and (i1 2) residues.

Type ϕ(i11) ψ(i11) ϕ(i12) ψ(i12)

I 260 230 290 0

I0 60 30 90 0

II 260 120 80 0

II0 60 2120 280 0

III 260 230 260 230

III0 60 30 60 30
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alignment of participating NH and CO groups. Because of their heterochiral

nature, types II and II0 are particularly attractive targets for de novo design

approachable by use of sequence chirality as the design aid.

Turns play a major role in protein folding. The turns are more critically

determined by the local sequence than either helix or sheet. Helices and

strands of β-sheet are often separated by β-turns, by changing their direction

and hence allowing the elements of secondary structure to form tertiary

structure (Alvarado et al., 1996; DeAlba, Jimenez, & Rico, 1997). Given

that, the segments of α-helices and β-strands are at best marginally stable in

aqueous solution, the formation of stabilizing interactions through β-turns

could be crucial step in the folding process. The β-turns have been postulated

to play an important role in protein folding and have been suggested to act

as a type of start/stop code for the formation of helices and sheets. In gen-

eral, almost one-third of the residues in proteins are involved in turns

(Guruprasad & Rajkumar, 2000). The observation of significant population

of β-turn conformation in short linear peptides in aqueous solution argues for

the possibility that turn may participate actively in protein folding (Rose

et al., 1985).

The critical role of β-turns as chain inverters or helix primitives has

prompted their use as conformation nucleators in de novo design (Imperiali

& Ottensen, 1999; Wetlaufer, 1990). Studies have been carried out by vari-

ous groups to determine the propensity of amino acids at different positions

in these turns. Serrano and co-workers (Alvarado, Blanco, Niemann, &

Serrano, 1997) have experimentally determined propensities of amino acids

at various positions in the turn. Similarly, Guruprasad and co-workers

(Guruprasad & Rajkumar, 2000) have extensively studied statistical propen-

sities of amino acids at various positions for all turn types.

The type II0 β-turn has been successfully exploited as a nucleator in the

design of artificial antiparallel β-hairpins and simple β-sheet motifs. Durani

and co-workers have demonstrated the use of DPro-Gly as a type II0 turn

nucleator in the designs of Bracelet (Rana, Kundu, & Durani, 2004), Boat

(Rana, Kundu, & Durani, 2005), Canoe (Rana et al., 2007a) and π-cup

(Rana, Kundu, & Durani, 2007b). They have also used inverse symmetrical

variant LPro-Gly for type II turn in Canoe (Rana et al., 2007a). The DPro-Ser

unit has been reported by Imperiali and co-workers (Struthers et al., 1996) to

nucleate a tight β-turn in a designed ββα fold.

Fundamentally, helix nucleation can happen at N-terminus, C-terminus, or

in the center of a peptide. Both natural and artificial residues, even turns

(Bobde, Beri, & Durani, 1993; Felcy, Pattabhi, Raju, & Durani, 1997), are

capable of helix nucleation. The conformationally constrained residue Aib,

with access largely confined to the right and left-handed helical regions of

Ramachandran space, has been extensively used for stabilizing helical confor-

mation both in aqueous and organic media (Karle & Balaram, 1990; Marshall

et al., 1990; Nagaraj, Shamala, & Balaram, 1979; Shamala, Nagaraj, &
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Balaram, 1977, 1978; Toniolo & Benedetti, 1991; Yamada et al., 1993). B-

turns—types I, III—are nearly equivalent to a single turn of a 310-helix, stabi-

lized by a 4-1 hydrogen bond and has been used with Aib as helix nucleat-

ing turn (Ravi, Prasad, & Balaram, 1983). Similarly, αβ-dehydrophenylalanine

(∆Phe), a highly conformationally constrained residue, is known to stabilize

310-helical conformations (Jain, Singh, & Chauhan, 1994; Rajashankar,

Ramakumar, Jain, & Chauhan, 1995; Rajashankar, Ramakumar, Mal, Jain, &

Chauhan, 1995; Ramagopal, Ramakumar, Joshi, & Chauhan, 1998;

Ramagopal, Ramakumar, Sahal, & Chauhan, 2001). Nambiar and co-workers

suggest that certain amino acids demonstrate better helix-inducing trend than

others at N and C-termini (Forood, Feliciano, & Nambiar, 1993). According to

their study, helix inducing effect at N-terminus follows the trend—Asp . Asn

. Ser . Glu . Gln . Ala, whereas at C-terminus it is Arg . Lys . Ala.

In proteins, Pro is frequently observed at N-terminus of helices. As the NH

group of first three residues in helical conformation lack intrahelical hydrogen

bonds, LPro�ϕ B 260 degrees makes an obvious choice. Studies on syn-

thetic peptides in organic solvents have indicated that presence of neighboring

Pro residue can initiate 310-helix conformation (Venkatachalapathi & Balaram,

1979). A covalently locked Ac-Pro-Pro analog of Kemp and co-workers is

also an excellent helix nucleus (Kemp, Boyd, & Muendel, 1991; Kemp,

Curran, Davis, Boyd, & Muendel, 1991).

1.3.3 Design of β-sheet proteins

Being one of the major secondary structures, β-sheets display parallel and antipar-

allel structures and differ in the hydrogen bond patterns. B-sheets may twist, curl,

and even fold back on themselves to varying degree (Chothia, 1984; Richardson,

1981; Rose et al., 1985). In parallel β-sheets (ϕ52119 degrees, ψ5 113

degrees), the backbone hydrogen bonds are evenly spaced and are angled across

adjacent chains. In antiparallel β-sheets (ϕ52139 degrees, ψ5 135 degrees),

the hydrogen bonds are nearly perpendicular to main chain. Natural β-sheets tend

to be right-handed twisted due to intrastrand nonbonded interactions, and geomet-

ric constraints of interstrand interaction (Chothia, 1973; Chou, Ne�methy, &

Scheraga, 1983). In their tertiary structure interactions, β-sheets exhibit either

aligned packing with mutual twist angle B 230 degrees or orthogonal packing

at B 90 degrees angle (Chothia, Levitt, & Richardson, 1977; Chou, Ne�methy,

Rumsey, Tuttle, & Scheraga, 1986). The β-strands in β-hairpin are in mutual B

180 degrees angle due to the presence of β-turn (Hutchison & Thornton, 1994;

Sibanda, Blundell, & Thornton, 1989; Sibanda & Thornton, 1985).

1.3.3.1 β-hairpin design

Several groups have studied the factors that stabilize the interaction of one

β-strand with another through either studying statistical propensities from the
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natural database of proteins whose structures are known (Branden & Tooze,

1998; Creighton, 1993) or through design of novel β-sheet peptide models

(Alba, Jimenez, & Rico, 1997; Karle, Awasthi, & Balaram, 1996; Karle,

Gopi, & Balaram, 2001; Sharman, 1997)(Espinosa & Gellman, 2000).

Recently Bartlett and co-workers have attempted to quantify amino acid con-

formational preferences and side-chain�side-chain interactions in β-hairpins

of 8-residue length by incorporating an artificial 1,2 dihydro-3(6 H)-pyridinyl

unit as a probe for secondary structure (Phillips, Peirsanti, & Bartlett, 2005).

Klimov and Thirumalai have studied mechanisms and kinetics of β-hairpin

formation and predicted that the mechanism of formation of β-hairpin

depends on turn stiffness (Klimov & Thirumalai, 2000). Similarly, Koide

and co-workers (Yan et al., 2007) and Jimenez and co-workers (Santiveri,

Santoro, Rico, & Jimenez, 2004) have found hydrophobic surface burial as

the major stability determinant of a flat, single layer β-sheet. Andersen and

co-workers (Olsen, Fesinmeyer, Stewart, & Andersen, 2005) have observed

that the rates of β-hairpin folding depends on sequences at the turn region as

well as away from the turn. Gai and co-workers (Du, Zhu, Huang, & Gai,

2004) have shown that among four 12-residue β-hairpins, differing only in

their turn sequences, the one containing DPro-Asn turn segment folds fastest,

whereas Gellman and co-workers (Stanger & Gellman, 1998) have argued

that DPro-Gly turn sequence has a considerably greater tendency to nucleate

hairpins than Asn-Gly. Similarly, Cochran and co-workers (Cochran,

Skelton, & Starovasnik, 2001) have designed stable Trp-Zip by using DPro-

Gly turn sequence. Durani and co-workers have successfully used DPro-Gly

turn sequence in the design of heterochiral β-hairpins resulting in various

shapes—Bracelet (Rana et al., 2004), Boat (Rana et al., 2005). Gellman and

co-workers (Syud, Stanger, & Gellman, 2001) have reported studies on sig-

nificance of lateral and diagonal pairing in interstrand side-chain�side-chain

interactions in a designed β-hairpin comprising DPro-Gly type II0 β-turn.

Also, they have studied the effects of types I0 and II0 β-turns in β-hairpin sta-

bilities. Searle and co-workers (Griffiths-Jones, Maynard, & Searle, 1999)

have studied by both NMR and MD analysis, the contributions of β-turn and

β-strand to the folding of a β-hairpin. Similarly, Balaram and co-workers

(Gunasekaran et al., 1997) have extensively studied the protein data bank for

propensities of number of residues in turn region and observed preponder-

ance of two-residue turn followed by three-residue turns. Also, they observed

higher propensity for 62 8 residue strand for hairpins with type I0 turn and

42 6 residue strand for hairpins with type I turn. A representative β-hairpin

is shown in Fig. 1.1.

1.3.3.2 Multiple stranded sheets

The answer to the relationship between length and stability of β-sheet second-

ary structure is more complex than it is for an α-helix due to the fact that the
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latter has only one dimension along the axis. Two orthogonal dimensions must

be considered for β-sheets, along the strand and perpendicular to the strand.

Length dependence effects on antiparallel β-sheet stability have been studied

using β-hairpin as a model and have observed 52 7 residue long strand to be

most stable (Gunasekaran et al., 1997). Several groups on the other hand have

studied length dependence on the other direction by increasing the number of

strands from two in β-hairpin. Sharman and Searle (1997, 1998) have observed

that three-stranded β-sheet is more stable than two-stranded in aqueous metha-

nol. Similarly, Serrano and co-workers (Kortemme, Ramirez-Alvarado, &

Serrano, 1998) designed three-strand β-sheet, which is 100%, folded in water.

Ottesen and Imperiali (2001) redesigned the naturally occurring toxin hand

motifs to a discretely folded all β-protein in a 29-residue sequence. Such

three-stranded and higher order β-sheets have been applied to the study of

the factors governing β-sheet folding and to assay the role of cooperativity

along individual hairpins constituting a sheet and across strands of a β-sheet.

A representative β-sheet is shown in Fig. 1.1.

1.3.3.3 Mixed αβ-protein design

The mixed αβ structures have also attracted considerable attention. A popu-

lar approach in protein design has been to examine the properties of the fold

of choice and to attempt an adaptation of such a fold to synthetic strategies.

FIGURE 1.1 Representative structures. (A) β-hairpin; (B) multiple stranded protein; (C) all

α-helix protein; (D)αβ mixed�protein.
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The design of zinc-finger motif has been attempted by two groups. Imperiali

and co-workers (Struthers et al., 1996) followed an iterative procedure of

rational design to arrive at a ββα fold with a novel sequence. An alternate

approach is the Meccano (Lego) set approach (Balaram, 1992, 1999),

wherein individually constructed, rigid, secondary structural modules are

assembled to form a novel structure. Balaram and co-workers (Karle, Das, &

Balaram, 2000) and DeGrado and co-workers (Lahr et al., 2005) in design of

a synthetic peptide containing helical and hairpin segments have utilized this

approach. Moe and co-workers (Butcher, Bruch, & Moe, 1995; Butcher &

Moe, 1996) also attempted to design a mixed αβ structure wherein a single

β-strand packs against an α-helix. Attempts have also been made to test the

design rationale by mutation of certain key residues. Mayo and co-workers

(Dahiyat & Mayo, 1997a,1997b) redesigned zinc finger to fold it without

metal. A representative αβ-mixed protein is shown in Fig. 1.1.

1.3.4 All α-helix protein design

Helix is the other important protein secondary structure in which hydrogen

bonding pattern distinguishes α-helix (ϕ5257 degrees, ψ5247 degrees

and i to i1 4 hydrogen bonding) from the closely related 310 helix (ϕ5250

degrees, ψ5230 degrees and i to i1 3 hydrogen bonding). Mixed α and

310 helical structures have been documented in both proteins and peptides.

The review by Baltzer et al. (2001) and Micklatcher and Chmielewski

(1993) provides excellent guidelines for helical protein design. Several

groups have attempted rational design of α-helical hairpins and helical bun-

dles. Hodges and co-workers (Lau, Taneja, & Hodges, 1984; Lu & Hodges,

2004) as well as other groups (Burkhard, Meier, & Lustig, 2001) have used

heptad repeats for designing coiled-coil structures. Without using heptad

repeats Osterhout and co-workers (Fezoui, Weaver, & Osterhout, 1994)

reported design of 38 residue helical hairpin. DeGrado and co-workers (Hill,

Anderson, Wesson, DeGrado, & Eisenberg, 1990) attempted the design of

16-residue helical peptide, which associates to form four-helix bundle. A rep-

resentative α-helix is shown in Fig. 1.1.

1.3.5 Metalloprotein design

Metalloproteins are among the most efficient and diverse biocatalysts as they

employ metal ions or metal containing cofactors or prosthetic groups such as

heme. Several groups have reported progress toward the “de novo” design of

specific metal sites using peptide scaffolds. One goal of such studies is to

design minimal systems that will reproduce the structural, electronic, and

catalytic properties of metalloproteins, learning about cumulative influences

of proteins in the process. Dutton and co-workers (Shifman, Gibney, Sharp,

& Dutton, 2000) have used “consensus sequence” approach in incorporating
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4Fe-4S clusters within 16 amino acid ferredoxin consensus sequence that

was further truncated to seven amino acids. Hodgson and co-workers

(Musgrave, Laplaza, Holm, Hedman, & Hodgson, 2002) have similarly

reported thorough study of the metal binding properties of Cys-Gly-Val-Cys

and Cys-Ile-Ala-Cys motifs that chelate Ni. Similarly, DeGrado and co-

workers (Lombardi et al., 2000) have reported design of Cys-X-X-Cys con-

taining peptides based on “retrostructural analysis” of the native rubredoxin

protein structure. In a yet different study Marino and Regan (1999) have

incorporated potential second-shell interactions into a previously designed

mononuclear His3Cys Zn(II)binding site in a small protein.

In a classical work Dutton and co-workers (Gibney & Dutton, 1999) have

demonstrated the construction of stable “maquettes” in which histidine

ligands support heme groups within four-helix bundles. A recent study by

same group incorporates two heme groups A and B into such a maquette,

which could be a step toward construction of a peptide model for

cytochrome-c-oxidase (Koder & Dutton, 2006). Some groups have examined

electron transfer through and between α-helices and in electrode-supported

layered assemblies that perform biomimetic catalysis.

Several groups have recently taken an important first step in this direc-

tion through the design of zinc-binding sites via the introduction of zinc-

binding residues [histidine, cysteine, or an amino acid containing carboxyl

side chain (Ruan, Chen, & Hopkins, 1990)] separated by one turn of an

α-helix (Handel & DeGrado, 1990), or on adjacent strands of a β-sheet

(Roberts et al., 1990). Handel and DeGrado (1990) have prepared deriva-

tives of α2 and α4, which bind Zn21 with three histidine residues, two from

one helix and a third from a neighboring helix positioned at three corners

of a tetrahedron or octahedron. The resulting protein binds Zn21 in a 1:1

stoichiometry with association constants that are much greater than

104 M21. Interestingly, the protein loses much of its molten-globule-like

character when it binds Zn21 despite the fact that the binding occurs with-

out an appreciable change in secondary structure. Regan and Clarke (1990)

have introduced a (Cys)2(His)2 tetrahedral metal-binding site (similar to

those found in zinc fingers) near the ends of two helices in α4. The result-

ing protein binds Zn21 and Co21 with dissociation constants of 25 nM and

16 µM, respectively. The optical absorption spectrum of the Co21 form of

the protein is consistent with the tetrahedral geometry envisioned in the

design.

1.4 Shape-specific design of heterochiral proteins

Although proteins are astronomical in possibilities of interactions along their

sequences, they are restricted to only about 1000 topological possibilities

(Chothia, 1992). Main chain defines folds due to solvent-mediated screening

of electrostatics of interpeptide interactions in conflict with the interpeptide
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hydrogen bonding due to homochiral structure (Ramakrishnan, Ranbhor,

Kumar, & Durani, 2006a, 2006b). Due to the effect of homochirality,

α-helix and β-sheet motifs are the building blocks of protein structure, being

sequentially selectable options of secondary structure. This limits the scope

of morphological possibility in protein tertiary structure to just about 1000

topological forms (Chothia, 1992). Geometric rules of interpeptide interac-

tion under constraint of polypeptide stereochemistry are the defining consid-

eration of protein structure.

Due to poly-L structure, proteins access mainly left-hand space of the ϕ

coordinate of Ramachandran diagram in correspondence of α-helix and

β-sheet secondary structure. Due to stereospecificity of conformation, residue

stereochemistry can be a powerful tool for design of proteins with L and D

structure as the alphabet. The principle is observed in nature in the form of

Gramicidin-A, a microbial peptide alternately L,D in structure is a β-helical

fold. In the synthetic variants, peptides with even number of alternately L,D

residues are ring shaped molecules self-stackable as nanotubes (Horne, Stout,

& Ghadiri, 2003).

D-amino acids have recently found place in de novo protein design. The

most common usage of D-amino acids is for design of β-turn and interhelical

linkers. Nanda and DeGrado (2006) reported putative helices in polypeptide

sequences of mixed L,D amino acids. In possibly the first demonstration of

design in L and D alphabet, Durani and co-workers reported a hexapeptide

in a complex stereochemical fold (Fabiola et al., 1997). More recently, a

family of shape-specific heterochiral mini-proteins for chosen sequence plans

in L and D structure were reported as Bracelet (Rana et al., 2004), Boat

(Rana et al., 2005), Canoe (Rana et al., 2007a), and π-cup (Rana, Kundu, &

Durani, 2007b) shaped molecules.

1.5 Enzymes: functional proteins

Enzymes are the workhorses of living organisms. Living organisms are

necessitated to countless chemical transformations efficiently and, above all,

selectively to sustain critical biological functions. Enzymes perform these

chemical transformations either by using efficiently the available 20 amino

acids or with the help of cofactors such as metal ions and organic molecules

such as NAD etc. as depicted in the Fig. 1.2.

Enzymes are catalysts and they increase the rate of a chemical reaction

without undergoing any permanent chemical change themselves. The basic

reaction of enzyme catalysis is as follows:

S1E-ES-P1E;

where E represents enzyme catalyzing the reaction, S the substrate, P the

product of the reaction, and ES is the enzyme2 substrate complex, an inter-

mediate in the chemical reaction. The enzymes are thought to increase the
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rate of a reaction by reducing the activation energy required for the neces-

sary transformation of substrate to a product.

1.5.1 Hydrolase enzymes

Among the six classes of enzymes, the hydrolase class constitutes enzymes

performing countless hydrolysis reactions efficiently and, above all, selectively

to sustain countless critical biological functions as shown in Fig. 1.2 (Breslow,

2006; Neurberger & Brocklehurst, 1987). Nature has solved this problem by

the efficient use of available 20 natural amino acids. It has used the specific

side-chain properties—polar, pKa etc.—to catalyze and/or bind the substrate

molecules tightly enough and with high specificity (Blow, Birkoft, & Hartley,

1969). The HIV protease catalyzes the cleavage of peptide bond via two aspar-

tyl residues and water molecule (Davies, 1990). Similarly, serine protease uses

the assembly of serine, histidine, and aspartate residues where aspartate car-

boxyl group forms hydrogen-bonding interaction with Nδ of histidine, which
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FIGURE 1.2 Schematic representation of the mechanism of zinc-mediated and acid-base-

nucleophilic hydrolysis of ester.

18 De Novo Peptide Design



in turn leads to polarization of serine O2H bond through Nε of histidine that

leads to attack on the substrate moiety thus using side-chain polarity to facili-

tate the necessary chemical transformation (Fersht, 1998).

In many other cases nature has solved this problem very elegantly by

placing one or more divalent metal ions close to each other in the active site

of an enzyme (Breslow, 2006; Neurberger & Brocklehurst, 1987). The posi-

tive charge of metal ions is a key feature in metalloenzymes that lowers the

pKa of coordinated water and provides locally high concentration of the oth-

erwise unavailable highly nucleophilic OH2 ions, which then hydrolyzes the

substrate molecule under biological conditions, conditions where these reac-

tions normally cannot take place (Breslow, 2006). In a similar manner, the

positively charged metal center can also serve as a general Lewis acid for

activation of a substrate molecule modulating its reactivity following coordi-

nation. The metal ions also assist in stability of the transition state arising

from the attack of nucleophile on substrate molecule and orienting certain

groups that facilitate the removal of leaving group and product from the

active site of the enzyme (Fersht, 1998). These are examples of enzymes

being truly co-catalytic where both metal ions and protein molecule work

synergistically as a single unit. Through long evolution, nature has optimized

the structure of the active site in order to obtain the necessary selectivity for

the specific reaction process present in the biological medium.

It is highly challenging to mimic this natural high throughput and very

complex machines into small and simple constructs to understand the under-

lying principles responsible for their activity and specificity. The combina-

tion of substrate binding and catalytic activity makes this mimic not only

interesting as catalytic species in their own respect but also, possibly, helpful

in understanding enzymatic activity. Efforts have been made to design cata-

lysts that mimic the catalytic principles of enzymes. Catalytic antibodies are

examples of semisynthetic artificial enzymes (Lerner, Benjovic, & Schultz,

1991; Schultz & Lerner, 1993, 1995; Wentworth & Janda, 2001). Fully syn-

thetic molecules have also been designed as enzyme mimics by using either

peptidic (Baumeister, Sakai, & Matile, 2001; Broo, Nilsson, Flodberg, &

Baltzer, 1998) or nonpeptidic (Breslow, 1995; Suh, 2001, 2003) molecules.

Baltzer and co-workers (Broo, Nilsson, Flodberg et al., 1998) have used

His pair and Arg to catalyze ester hydrolysis. Similarly, Matile and co-

workers (Baumeister et al., 2001) have reported p-octiphenyl β-barrels for

esterase activity. The studies have been concentrated on reproducing major

characteristics of enzymatic action such as complex formation, rate accelera-

tion, and high selectivity. In a different approach, several groups have used

synthetic polymers as mimics of enzyme activity. Suh and co-workers (Suh,

2003) have used metal-bound synthetic polymers for hydrolysis of peptide

bonds in proteins and phosphodiester bonds in DNA. Cram and co-workers

(Cram, 1988a, 1988b) have demonstrated catalytic activity by randomly

placing functional groups on polymers.
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Many hydrolytic enzymes carry one or more metal ions in their active

sites displaying cooperativity and hence increasing the activity of enzyme

(Ragsdale, 2006). Because metals are relatively easily approximated in

model systems, have been target for designing mimetics of enzymes. Akkaya

and co-workers (Ozturk & Akkaya, 2004) have designed novel zinc-bound

calixarene derivatives as bifunctional models. Recently, Liskamp and

co-workers (Albada & Liskamp, 2008) have reported mimetics of type

3 copper binding sites in protein by the use of combinatorial approach.

Phillips and co-workers (Corey & Phillips, 1994) and Burnier and co-

workers (Wells, Fairbrother, Otlewski, & Burnier, 1994) have used peptide-

based models for catalysis. Similarly, Tsikaris and co-workers (Stavrakoudis,

Demetropoulos, Sakarellos, Sakarellos-Daitsiotis, & Tsikaris, 1997) have

reported cyclic peptide scaffolds as models. Baltzer and co-workers (Broo

et al., 1998) have reported α-helices containing histidine residues as models

for enzyme activity. Miller and co-workers (Lewis et al., 2006), Dudaczek

and co-workers (Schmuck & Dudaczek, 2007), Wennemers and co-workers

(Revell & Wennemers, 2007), and Liskamp and co-workers (Albada &

Liskamp, 2008), among others, have reported combinatorial approaches for

the discovery of peptide-based catalysts or enzyme active site mimics.

Reymond and co-workers (Darbre & Reymond, 2006) have shown impres-

sive hydrolytic properties of peptidic dendrimers containing the serine

protease catalytic triad aspartate-histidine-serine and serine-histidine dyads.
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2.1 Introduction

An increasing number of researchers are utilizing the dynamic and hierarchi-

cal self-assembling properties of proteins and peptides to design novel bio-

functional nanostructures with therapeutic or catalytic applications (Craik &

Kan, 2021; Katyal, Meleties, & Montclare, 2019; Otvos, 2008; Ulijn &

Smith, 2008). Peptides represent an important class of biological molecules

composed of short chains of amino acids with a wide range of functions in

signaling and regulation. Biological systems already incorporate them to

resolve many physiological and pharmacological quandaries. Apart from

peptide-based natural hormone analogs, peptides drug candidates have been

employed to disrupt protein2 protein interactions and target or inhibit intra-

cellular molecules (Birk et al., 2013; Chang et al., 2013; Wang et al., 2022).

These avenues have made peptide therapeutics a promising industry, with

nearly 20 new peptide drugs entering clinical trials annually. Over 400 pep-

tide drugs are currently under clinical development worldwide, and more

than 60 are already approved for clinical use in the United States, Europe,

and Japan. Since 2017, more than 10 peptide drugs have entered the market.

Peptide drugs like liraglutide (Victoza) and glucagon-like peptide I (GLP-1)

used to treat metabolic diseases have a gross revenue crossing 2 billion

(USD). Peptide drugs with hormone analogs properties like leuprolide

(Lupron), gosarelin (Zoladex), somatostatin analogs, octreotide, and lanreo-

tide added up to over 4 billion USD in the market. Sprifermin (FGF18) is

one of the few available strategies to repair osteoarthritis damage, which has

cleared phase 3 clinical trial (Hochberg et al., 2019) (Fig. 2.1).

Despite these successful scientific and economic ventures, the interest in

peptide drug therapeutics has waned due to their poor bioavailability

(Drucker, 2020), relatively high manufacturing cost (Zompra, Galanis,
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Werbitzky, & Albericio, 2009), short biological half-lives (Pollaro & Heinis,

2010), and limited tissue uptake. Multiple approaches like incorporating

disulfide rich regions, introducing the use of constrained or cyclic peptides,

and stapled peptides have been tried to amend these limitations. Applications

of in silico tools have become an unavoidable approach for optimizing and

designing new peptide drugs.

This chapter will summarize some contemporary approaches to peptide

design, emphasizing peptide modeling, structure prediction and simulations,

and their unique potential for the design of identifying novel, safe, and effec-

tive therapeutic solutions.

2.2 Peptide design

Peptide design represents a massive multioptimization search. For example,

ideally, a therapeutic peptide should be deliverable to a biological target

with enough concentration to induce the expected therapeutic effect with the

capacity to navigate various biochemical and biophysical barriers. It should

also be ethically, legally, and economically sensible. In this situation, one

searches through the vastness of theoretical amino acids and their modifica-

tions space to recognize the relatively few peptides that compromise between

the multiple and often uncorrelated or even anticorrelated properties essential

for a viable candidate (Nicolaou & Brown, 2013).

The enormity of chemical space available to peptides is due to two fac-

tors, its sequence space and its conformational space. Just like in silico meth-

ods, cell-free methods exist to generate and screen millions of sequences, yet

the activity will not represent a fraction of the available sequence configura-

tions without even accounting for the multitude of modifications

(Bashiruddin & Suga, 2015; Lian, Upadhyaya, Rhodes, Liu, & Pei, 2013;

Sohrabi, Foster, & Tavassoli, 2020). Conformational diversity in a molecule

is due to rotatable (chi) torsions. The number of rotatable torsions in standard

amino acids is between 1 and 4. Amino acid links add additional conforma-

tional flexibility because of the rotatable phi/psi backbone dihedral angles.

Peptides will not usually appear as a conformation or even a small ensemble

of conformations under physiological conditions. They typically prefer to

FIGURE 2.1 Structures of peptide-based therapeutics. (A) Liraglutide (PDB ID: 4APD). (B)

Leuprolide (PDB ID: 1YY2). (C) Octreotide (PDB ID: 1SOC).
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present an ensemble of various conformations with different peptide activity

and functions such as target binding, crossing biological membranes, or

forming a site for catalytic action. NMR and crystallography can be used to

determine peptide structure, but it is safe to say that a multitude of function-

ally relevant peptide conformations remain masked from direct experimental

elucidation. Hence it is vital to incorporate rational limits based on potency

and other functionally relevant properties and model them in silico.

One approach for peptide design and discovery is rational design

(Fig. 2.2). By rational design of peptides, we mean the conscious use of sci-

entific principles to drastically and efficiently decrease the theoretical amino

acid search space to a more manageable number of effective molecules.

Although principles and phenomena typically drive rational peptide design

projects observed in vitro by chemical and biological means, integrating in

silico methods presents an important cost and time reduction option, dramati-

cally improving the peptide development process. The successful application

of in silico tools is critically dependent on a feedback loop between meticu-

lous validation of the tools and wet lab experiments. Their use without

appreciation for their limits should be therefore avoided.

Drug designers have followed this approach for decades and recently by

antibody/protein designers (Choong, Lee, Soong, Law, & Lim, 2017;

Kuroda, Shirai, Jacobson, & Nakamura, 2012). Computer-aided drug design

guides for developing peptide modeling and design’s general philosophy and

approach. Nevertheless, there is evidence that direct application of small

molecule and protein design strategies are not viable for peptide drug design

(Audie & Swanson, 2012; Das, 2011; Pike & Nanda, 2015; Rentzsch &

Renard, 2015). Among the myriad of complications, two important reasons

for this pertain to the building blocks of peptides. The conformational space

FIGURE 2.2 Rational peptide design framework. Figure created using BioRender (https://bior-

ender.com/).
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accessible to peptides limits the application of small-molecule computational

methods at one end. On the other hand, the need of including nonstandard

amino acids and diverse cyclization chemistries in peptide drug design

imposes a constraint on established protein modeling software. Hence,

computational approaches based on peptides are needed.

By efficiently generating testable predictions, suggesting, refining, and

evaluating design hypotheses while gaining structural understanding and

insight, research is increasingly focused on expanding and implementing

peptide-based computational methods to curtail conceptual peptide chemical

space to be attainable and associated with particular moieties. These

approaches can be divided into two categories: ligand-based peptide design

and target-based peptide design. Ligand-based peptide design methods, to

design new peptides, exclusively exploit the ligands’ information, especially

its Structure2Activity Relationship (SAR). Meanwhile, target-based drug

design methods wholly utilize the target’s properties, typically proteins.

Hybrid techniques are frequently used in practice.

2.2.1 Ligand-based peptide design

The design of ligand-based peptides can be classified into sequence-based,

properties-based, and conformation-based strategies.

2.2.1.1 Sequence-based methods

Sequence-based methods base their strategies on assuming that the conserved

sites and motifs are essential for function and structure (Diller, Swanson,

Bayden, Jarosinski, & Audie, 2015). These methods rely on multiple

sequence alignments and conserved regions and are routinely used in peptide

drug design. Rivera et al. reported a peptide-specific quantitative structure-

activity relationship (QSAR) model to determine their correlation with activ-

ity and sequence using a Point Accepted Mutation (PAM) 250 matrix

(Rivera et al., 2011). They demonstrated it by analyzing a group of collagen

peptides and their antiangiogenic activity and presenting regions of

sequences of interest. SARvision is a computational program that can sup-

port SAR analysis and design of peptide based on their sequence (Hansen,

Villar, & Feyfant, 2013). In terms of the general orientation for peptide SAR

analysis, SARvision distinguishes out as it integrates advanced visualization

potentialities with extensive sequence/activity analysis functionality.

2.2.1.2 Property-based methods

Principles for property-based design have not yet matured, especially when

compared to sequence-based methods. Du et al. modeled peptides capable of

binding to protein targets using multiple amino acid physical2 chemical

descriptors (volume, hydrophobicity, and hydrophilicity) and ∆G
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decomposition for each residue (Du, Huang, & Chou, 2008; Du, Ma, Xie, &

Huang, 2014; Du, Wei, Pang, Chou, & Huang, 2007). Property-based techni-

ques have been popular for analyzing antimicrobial peptides (Bhonsle, Clark,

Bartolotti, & Hicks, 2013). Giguere et al. and Wang et al. designed new anti-

microbial peptides using a machine-learning approach (Giguère et al., 2015;

Wang, Garlick, & Zloh, 2021).

2.2.1.3 Conformation-based methods

Conformational ensembles or predicted peptide structures can be analyzed,

and SARs established based on them. Inverse Design and Automation

Software (IDeAS) for peptide-design retrofits side chains on a backbone

with residues, containing both L and D stereochemistry (Ranbhor et al.,

2018). Using IDeAS, Prakash et al. designed a 21-residues heterochiral pep-

tide capable of blue fluorescent protein behavior (Prakash, Ranbhor, &

Ramakrishnan, 2020).

PEP-FOLD is a computational framework established by Thevenet et al.

for determining the tertiary structure of 9�36 amino acids with linear and

disulfide-bonded peptides under the hypothesis that they assume well-

defined structures (Thévenet et al., 2012). It could generate near-native struc-

tures for 24 linear peptides shorter than 25 amino acids on a benchmark,

with the best rigid core of the predicted structures deviating by 1.5 Å com-

pared to NMR structures. Benchmarking 13 longer linear peptides predicted

average rigid core structural deviations of 2.8 Å from their native forms. The

results were rather less impressive for cyclised peptides, which is surprising

considering that the constrained peptides are intuitively easier to model.

Judging from the data, it is noteworthy that the tool can resolve problems

associated with conformational sampling better than the scoring problem.

The latest version, PEP-FOLD3 developed by Lamiable et al., can predict

the 3D structure of linear peptides of about 5�50 amino acids but cannot

predict the same for disulfide bonded peptides (Lamiable et al., 2016). The

benchmark could generate poses deviating by 3.4 Å on average for 61 pep-

tides from their native state.

Long-time-scale molecular dynamics simulations have also been used to

investigate peptide conformational space (Klepeis, Lindorff-Larsen, Dror, &

Shaw, 2009; Lindorff-Larsen, Piana, Dror, & Shaw, 2011). Quantum

mechanical calculations, specifically for tackling the scoring deficiency-

related problems in peptide conformational analysis, also have potential

application in in silico peptide design (Denisiuk et al., 2013; Han & Wang,

2012; Improta, Vitagliano, & Esposito, 2015). It is fair to say that much

more theoretical and technical innovation is required to effectively apply

these computationally expensive and complicated methods to impact peptide

drug design projects positively.
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Avenues for 3D pharmacophore hypothesis generation are also enabled

by peptide conformational modeling and prediction. The approach broadly

screens peptides with desired potency or ADME/Tox activities for a given

pharmacophore hypothesis. In order to analyze agonists of melanocortin-4

receptor isoforms, Haslach et al. used nonbiased peptide library scanning

(Haslach et al., 2014). They also generated a SAR platform and peptide-

based ligand template for melanocortin-4 receptor isoforms.

2.2.2 Target-based peptide design

Target-based peptide design is perhaps better developed and well-studied

due to the transferability of protein complex than the ligand-based approach

to peptide design. The first step of target-based design is analyzing the

unbound or ligand-bound target using computer-enabled analysis. This analy-

sis reveals properties such as potential binding surfaces’ potential specificity

sites, among other pharmacological activity determinants. A design hypothe-

sis step follows this step. With the help of computational tools, peptide

design ideas are refined and tested. The scope of the peptide design efforts

depends on the quantity and quality of target information alongside the

design philosophy and can range from template-based to de novo.

Databases of protein2 peptide complex structures such as PepX (Vanhee

et al., 2010), PepBind (A. A. Das, Sharma, Kumar, Krishna, & Mathur,

2013), and peptidDB (London, Movshovitz-Attias, & Schueler-Furman,

2010) databases have been curated to assist efforts for target-based drug

design. The PepX and PepBind database contain unique protein2 peptide

interface clusters and complex structures from the PDB, respectively.

PeptidDB is a curated database of 103 protein2 peptide complexes. Apart

from structural data, the binding affinity of high throughput screening experi-

ments and kinetics of protein2 peptide interaction can also provide insights

related to the structural basis of protein2 peptide recognition.

Binding interaction between proteins and ligands can be modeled and

predicted by docking algorithms. However, unlike small-molecule algo-

rithms, peptide docking algorithms tend to be computationally expensive for

virtual screening experiments like this. It has also been shown that docking

programs do not provide a general solution for peptides (Audie & Swanson,

2012). Conventional small molecule docking programs like AutoDock, Vina,

and MOE-Dock have a poor success rate when the ligand is more than three

amino acids long (Kellenberger, Rodrigo, Muller, & Rognan, 2004).

Therefore it is imperative to follow peptide-focused docking protocols.

Rosetta FlexPepDock ab-initio is a peptide docking program that samples

coarse-grained representations of the peptide with the coarse-grained repre-

sentation of the receptor alongside rigid body orientations around the target’s

peptide-binding surface. (London, Raveh, Cohen, Fathi, & Schueler-Furman,

2011; Raveh, London, Zimmerman, & Schueler-Furman, 2011).
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Subsequently, the coarse-grained model of protein and peptide undergoes all-

atom refinement, including the side chains. Another iteration of the basic

FlexPepDock algorithm is PaFlexPepDock (Li et al., 2014). In the

PaFlexPepDock algorithm, three steps of the protein2 peptide docking, the

ab initio peptide folding and peptide docking with its receptor, and refine-

ment of some flexible areas of the protein are performed parallelly.

In the AnchorDock algorithm, developed by Ben-Shimon and Niv, the

free peptide structure and anchoring points on the protein surface will be

identified first computationally (Ben-Shimon & Niv, 2015). The free peptide

undergoes anchor-constrained simulated annealing molecular dynamics at the

predicted anchoring spot. This approach eliminates any need for information

about the peptide-binding site. In their blind docking test, it was able to

model 10 from 13 cases with a mean square deviation less than 2.24 Å.

Using PatchDock (Schneidman-Duhovny, Inbar, Nussinov, & Wolfson,

2005) and combinatorial peptide library, Mehra et al. designed IB peptides

capable of disrupting the nonspecific binding of lymphocytes to endothelial

cells (Mehra, Jerath, Ramakrishnan, & Trivedi, 2015). Using similar meth-

ods, they also investigated the potential antimalarial activity by targeting

PFI1625c using peptide drugs (Lhouvum, Ramakrishnan, & Trivedi, 2013).

2.2.3 De novo peptide design

De novo peptide design has a long pedigree dating as early as the 1980s to gen-

erate diverse candidates for screening using multifarious small and big toolkits.

Unal et al. described the VitAL algorithm, which designs peptides for protein

target binding sites using Autodock and a Viterbi algorithm (Unal, Gursoy, &

Erman, 2010) by docking its residue pair by pair. Another target-based de novo

design Monte Carlo-based procedure was developed by Bhattacherjee and

Wallin, which explores peptide sequence and conformational space against target

protein (Bhattacherjee & Wallin, 2013). To assess the method, they attempted to

determine the peptide binding specificity profiles of three different pepti-

de2 protein domains. Bhardwaj et al. designed 12 conformationally restrained

peptides with defined folds by assembling the backbone using fragment assem-

bly method or fragment-independent kinematic closure-driven method and

sequence design (Bhardwaj et al., 2016). They validated their designed peptides,

including the heterochiral peptide, using X-ray crystallography and NMR.

2.3 Prediction of peptide structure

Predicting protein structures from their primary sequences represents one of

the most challenging problems in computational biology today. Predicted

peptide structures or conformational ensembles can be analyzed, and SAR

established based on them (Ramakrishnan, Ranbhor, & Durani, 2004;

Ramakrishnan, Ranbhor, & Durani, 2005; Ramakrishnan, Ranbhor, Kumar,
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& Durani, 2006). Hence it is imperative to know the structural information

of a novel peptide to coopt toward the desired therapeutic properties. Many

attempts have been made to solve the protein structure prediction problem,

with many software applications being developed for this purpose, including

I-TASSER (Roy, Kucukural, & Zhang, 2010), Rosetta (Simons, Kooperberg,

Huang, & Baker, 1997), HHpred (Soding, Biegert, & Lupas, 2005),

NovaFold, and most notably AlphaFold 2, which recently performed excel-

lently in the CASP 14 experiment. Ko and Lee recently modeled the struc-

tures of 203 protein2 peptide complexes from the PepBDB DB and 183

from the PepSet using AlphaFold 2 and concluded that AlphaFold 2 learned

how to extract interaction information between receptors and peptides from

evolutionary information (Ko & Lee, 2021).

2.4 In silico validation of design by molecular dynamic
simulations

Alder and Wainwright originally proposed the concept of molecular dynamics

in 1959. It was developed to simulate a system of colliding particles with a rigid

core (Alder & Wainwright, 1959). Rahman later expanded it to include continu-

ous potentials and uniform time steps (Rahman, 1964). According to classical

mechanics, the system’s state can be specified by the positions and velocities

(momenta) of all particles, each of which can assume any value. The probability

that a given state with energy E is occupied in equilibrium at constant particle

number N, volume V, and temperature T (the “canonical” ensemble) is propor-

tional to the Boltzmann factor. The equilibrium value can thus be obtained by

averaging over all states accessible to the system, weighing each state by this

factor. The averaging over all states in the classical molecular dynamics simula-

tion is performed by integrating these continuous variables.

Molecular dynamics simulations incorporate Newton’s equations of

motion to replicate the time-based evolution of N associated atoms with

masses mi of a system.

mi

d2ri

dt2
5Fi

for i5 1 . . . N where ri(t) represents ith particle position, Fi is the momen-

tary force acting upon each atom calculated from the system’s interactions.

The forces are the negative derivatives (slopes) of the potential energy func-

tion V (r1, r2, . . .. rN), which depend on all atoms’ positions.

Fi 52
@V

@ri

� �

Calculating the potential energy function V is crucial in molecular dynamics

simulations. The equation shows that the force will try to drive the particle to a
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state of low potential energy. The resulting acceleration can establish the

approximate positions of the atoms in a short time interval. This is termed the

integration step of the equation of motion. The method is repeated for a large

number of small successive steps. The coordinates thus generated describing the

position, velocity, and forces on all atoms as a function of time represent a tra-

jectory of the system. If the potential energy function is a good estimation of

the actual interacting particles, it can produce a detailed illustration of the equi-

librium and dynamics properties in the investigated system.

Generation of new configuration at (t1∆t)th time is followed by calcu-

lating the forces acting on a specific configuration of atoms at the current

time t according to equation 1.

Several numerical algorithms like Verlet (Verlet, 1967) and Leapfrog are

available, with good performance for long time steps requiring only a single

force evaluation per step. Groningen MAchine for Chemical Simulation

(GROMACS) (Van Der Spoel et al., 2005) molecular dynamics program uti-

lizes Leapfrog scheme, a slightly modified but theoretically equivalent

Verlet algorithm for integration. The Leapfrog algorithm uses positions r at

time t and velocities v at time t 2 ∆t/2. It updates positions and velocities

using the forces F(t) determined by the positions at time t:

ri t1∆tð Þ � ri tð Þ1∆tvi t1
∆t

2

� �

vi t1
∆t

2

� �

� vi t2
∆t

2

� �

� vi t2
∆t

2

� �

1
∆t

mi

Fi

The name comes from the generation of positions and velocities at the

whole and half-time steps, respectively; they are leaping like frogs over each

other’s back. The equations of motion are modified for temperature coupling

and pressure coupling and extended to include the conservation of

constraints.

2.4.1 Temperature and pressure coupling

The system’s temperature should be maintained constant but can drift from

the set value due to force truncation, integration errors, and heating due to

external or frictional forces.

Berendsen’s weak coupling scheme is used in these studies to maintain

temperature, in which atom velocities are rescaled at every step with a calcu-

lated factor λ.

λ5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l1
∆t

τT

To

T
2 1

� �

s
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T0 represents the reference temperature, and τT is the temperature cou-

pling time constant. This weak coupling scheme will produce exponential

relaxation to the reference temperature.

The system’s pressure is similarly controlled through a coupling method

by rescaling the coordinates of the box vectors at every time step with a fac-

tor µ.

µ5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

11
∆t

τP
β P2P0Þð

3

s

where β refers to the isothermal compressibility of the system, this will pro-

duce exponential pressure relaxation, similar to weak temperature coupling.

2.4.2 Energy minimization

The energy minimization process minimizes the strain energy of the mole-

cule by altering the atomic position to optimal geometry, that is to its local

minima. As these procedures are “downhill” methods, they cannot cross the

energy barriers; they will end up in local minima close to the point from

where the minimization process started. It is infrequent for a direct minimi-

zation method to find the global minimum of the structure. So the minimiza-

tion process reduces the potential energy of a given conformation by

relieving local strains in the structure; hence this can also be called an opti-

mization process. In molecular dynamics, the structures are allowed to simu-

late by thermal motion as a function of time. This is done by applying a

force field on the atoms to drive the motion. The acceleration and velocities

are then used to calculate new positions for the atoms over a short time step

(femtoseconds). This process is iterated thousands of times to generate a

series of conformations of the structures forming as a trajectory. Simulation

at optimum temperature (300K) provides information on structural fluctua-

tions around the starting conformation and the conformational transitions

pathway. High-temperature molecular dynamics can search the conforma-

tional space as this provides more energy to cross the energetic barriers and

reach the otherwise unexplored regions in the energy landscape.

The most widely used methods can be categorized, based on the deriva-

tives of strain energy they employ, as first derivative-based like steepest

descent and conjugate gradient and first and second derivative based like

Newton2Raphson procedures. Generally, the first 1002 500 steps are car-

ried out using the Steepest gradient method and convergence is achieved

using the conjugate gradient method or Newton2Raphson procedures.

2.4.2.1 Steepest descent method

In the steepest descent method, the first derivative of strain energy is calcu-

lated or estimated for each coordinate of each atom and then moving it while
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retaining the resultant change in strain energy. The same step is done for the

next atom after returning it to its original placement until all atoms have

been tested. The atoms are moved from their position proportionally to the

derivative calculated. Then the entire process is repeated until a threshold of

energy is reached. The biggest challenge with this method relates to step size

for atom movement. This step size dictates the quality of the minimization

and the efficiency of the process.

2.4.2.2 Conjugate gradient method

Here the previous search direction and current gradient are used to achieve

minimization. This method converges faster as it incorporates the history of

minimization to calculate search direction and contains a scaling factor for

optimal step size. However, the required computing cycles scale proportion-

ally with the number of atoms.

2.4.2.3 Newton2Raphson methods

Newton2Raphson procedures employ the strain energy of the curvature to

locate local minima. The computations involved are considerably more com-

plex, but will completely apply all information presented and converge

quickly.

2.4.3 Force field

The force field is used to describe the time evolution of bond length, bond

angles and torsions, the nonbonding van der Waals, and the electrostatic

interaction between atoms. Force field generally takes the following form for

computing the potential energy.

Total energy:

Eðpotential energyÞ 5Ebonded 1Enon2bonded

Ei 5Ebond 1Eangle 1Edihedral 1Eelectrostatic 1Evan der waals

Bond length:

Ebond2stretch 5

X

1;2 pairs

Kbðb2b0Þ
2

Bond angle:

Ebond2bend 5

X

angles

Kθðθ2θ0Þ
2
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Dihedral angle:

Erotate2along2bond 5

X

1;4 pairs

Kφ

�

12 cosðnφÞ
�

Kr, Kθ, and Kϕ are force constants for bond, angle, and dihedral angle,

respectively. R0, θ0, and ϕ0 define the given type’s equilibrium distance,

equilibrium angle, and dihedral angle. n is the periodicity of the Fourier

term. These parameter values are derived from model molecules and vary

among force fields (Table 2.1).

2.4.3.1 Lennard-Jones potential

Lennard-Jones 6�12 potential is most commonly used for van der Waals

interactions (EvdW) in Enb.

Evan2der2Waals 5

X

non2 bonded pairs

Aik

r12ik
2

Cik

r6ik

� �

The interactions between nonbound but interacting atoms i and k with the

distance rik. Aik and Cik are van der Waal parameters.

2.4.3.2 Coulomb potential

Biochemical molecules are often charged, so an electrostatic energy (Eelec)

term is added to Enb.

Eelectrostatic 5

X

non2 bonded pairs

qiqk

Drik

D is a molecular dielectric constant that accounts for the environmental

attenuation of electrostatic interaction between the two atoms with the point

charge qi and qk .

2.4.4 Conformational analysis

The technique of changing dihedral angles to find molecular systems with

low-energy conformations is known as conformational search. Modifying

dihedral angles and then minimizing energy for each angle were used to

develop unique structures. Duplicate structures with high energy are rejected,

but low-energy unique conformations are retained. Only dihedral angles are

evaluated in the conformational search because the flexibility of molecules is

often generated by the rotation of unhindered bond dihedrals with no change

in bond angles or bond lengths. The goal is to locate the global minimum of

the potential energy surface of a molecular system. The subject of identifying

low-energy molecular conformations has been explored in several different
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methods (Howard & Kollman, 1988). The following stages are included in

many of these approaches, with minor variations:

1. Primary structure selection: The initial structure (e.g., energy minimized

structure) is the most recently approved conformation and remains

unchanged during the search. In Monte Carlo searches, this is known as a

random walk scheme. Because low-energy conformations tend to be sim-

ilar, beginning with an approved conformation keeps the search on the

low-energy part of the potential surface. On the other hand, the usage-

directed strategy aims to sample a low-energy region equally by going

through all previously accepted conformations when selecting each

beginning structure (Chang, Guida, & Still, 1989). The usage-directed

strategy has been demonstrated to be preferable for swiftly finding low-

energy conformations in comparative investigations.

2. Modifying the initial structure by varying geometric parameters:

Systematic or arbitrary variations are possible. Systematic variations can

investigate low-energy conformational space comprehensively. Except

for the simplest systems, the amount of possible modifications becomes

prohibitive. One approach of reducing systematic variation’s dimension-

ality is to deplete fluctuations with a limited degree of resolution initially,

then reduce the additional variations available by gradually raising the

resolution. Random variations select a new value from a considerable

span or combinations of distinct values for one or more geometric para-

meters. Before completing the energy reduction of the new structure,

multiple random variants are compared to a collection of preceding struc-

tures that limit the number of recurrent conformations.

3. Geometry optimization for energy-minimized conformations of the modi-

fied structure: Dihedral angle variations result in structures that are

TABLE 2.1 Force fields and their sources.

Force

field

Source References

AMBER University of California, San
Francisco/HyperChem

Pérez et al. (2007)

CHARMM Harvard University/Accelrys, Inc. Vanommeslaeghe et al. (2010)

ECEPP Cornell University Arnautova, Jagielska, and
Scheraga (2006)

GROMOS University of Groningen/Biomos Schmid et al. (2011)

OPLS Yale University/Hyperchem Robertson, Tirado-Rives, and
Jorgensen (2015)
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energy lowered in order to discover a possible surface local minimum.

Regardless of the optimiser’s preference (minimizer), choosing an opti-

miser quickly reaches a local minimum while avoiding potential surface

obstacles.

4. Comparison of the conformation to previous reports: If the conformation

is unique and the energy meets a set of criteria, it is accepted. The

acceptability of the conformation is determined using two types of crite-

ria. To eliminate duplication, preliminary geometrical comparisons to

earlier acceptable conformations are performed. Internal coordinates,

interatomic lengths, and least-squares superposition of conformers are

commonly used to compare conformations using maximal torsions or

Root Mean Square deviation (RMSD). Geometric optimization can invert

chiral centers; hence the chiral centers of the new structures should be

confirmed after they have been reduced in size. Second, the energetic test

for accepting a new conformer can be performed using either a

suitable cut-off in terms of the best energy identified so far or a

Metropolis criterion. Structures with higher energy are more likely to be

authorized if they have a temperature and energy difference (Fig. 2.3).

2.4.5 Case studies of molecular dynamics simulations and
trajectory analysis

2.4.5.1 Antimicrobial activity

Hazam et al. designed six peptides of 12 amino acid length around the gram-

icidin helical conformation incorporating L and D peptides for added stabil-

ity and present distinct polar and hydrophobic zones (Hazam, Jerath, Kumar,

Chaudhary, & Ramakrishnan, 2017). To determine the rigidity of their

sequences, they performed a 10-ns simulation of the peptides in water and

FIGURE 2.3 Clusters of peptide conformations assumed by a peptide(IHIHIYI) after 10 ns

molecular dynamics simulation. Each strand represents the central conformation of each cluster.
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determined the number of microstates at equilibrium. In another investiga-

tion, Hazam, Singh, et al. determined the stability of another set of four pep-

tides based on cluster analysis and RMSD for a 10-ns simulation in water

and determined the structural stability of the peptide (Hazam, Singh,

Chaudhary, & Ramakrishnan, 2019).

Molecular simulation can also investigate the potential mechanism and

factors driving the potency of various antimicrobial peptides. As an exten-

sion of their earlier investigation, Hazam, Akhil, et al. studied the interaction

of single (seven amino acid) and double (12 amino acid) turn versions of

their peptides with Phosphatidylcholine: Palmitoyloleoylphosphatidylglycerol

membranes (3:1 ratio), under identical conditions using 160-ns molecular

dynamics simulation in order to elucidate upon the differential effect of the

peptides (Hazam, Akhil, Jerath, Saikia, & Ramakrishnan, 2019). Based on

the multimeric complex formation, the interaction of positively charged resi-

dues, and the adsorption of peptides into the membrane and the relative sta-

bility of each peptide, indicated by the cluster analysis, the reduction in

potency between the peptide subsets becomes more evident (Fig. 2.4).

2.4.5.2 Drug delivery

To determine the cell specificity of Stereo-chemical Amphipathic chaRged

Tumor Homing and Internalizing peptides, Jerath et al. used molecular

dynamics simulations (Jerath, Goyal, Trivedi, Santhoshkumar, &

Ramakrishnan, 2019). Using RMSD and radius of gyration, they inferred

that the syndiotactic peptides’, peptides with alternating L and D amino

acids, backbone are semirigid, with the ability to maintain helical structure

in different solvents but unwind on interaction with membrane. In another

study, Jerath et al. used molecular dynamics simulations to assess the effect

of incorporation D-Pro, replacing Gly, into their design based on Arginine

Glycine Aspartic Acid (RGD) and Asparagine Glycine Arginine (NGR) for

FIGURE 2.4 The peptides here are shown at the beginning, 0 ns (A), and end, 130 ns (B), of

the simulation interacting with membrane. Note the position of peptide shift from above the

membrane to embedded into it.
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drug delivery (Jerath, Goyal, Trivedi, Santhoshkumar, & Ramakrishnan,

2020). Based on the backbone dihedral distributions of the D-Pro incorpo-

rated into the peptide, they were able to show that it assists in locking the

form of the RGD and NGR motifs.

In order to design a set of tumor homing peptides with conformational

locks, Goyal et al. employed a set pruning procedure based on electrostatic

profiling, docking and finally, molecular dynamics simulations (Goyal et al.,

2021). Their molecular dynamics simulation studies investigated the receptor

peptide complex interaction determined by docking. They ran a position

restrained molecular dynamics of 1 ns followed by a 10 ns production run.

The simulations were analyzed using RMSD, Root Mean Square

Fluctuations (RMSF), the radius of gyration, and each system’s hydrogen

bond distribution. They also determined the receptor’s active site occupancy

by using an index of the active site residues and the peptide.

2.5 Conclusion

Design and modeling peptides using rational methods allow researchers to

bolster an already promising industry by incorporating various in silico meth-

ods discussed here to explore the vast chemical space intelligently. Despite

the developments mentioned in this chapter, several avenues for investigation

remain fertile. Scoring method problems and simultaneous prediction of

backbone and side-chain for peptide conformations are the most noteworthy

examples of such challenges. Molecular dynamics simulations of peptides

also allow for validation of designs and exploration of the designed peptides’

stability and mechanism of action.
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3.1 Introduction

The term “peptide synthesis” comprises various techniques and procedures

that produce materials ranging from small peptides to large proteins. In

1963, R.B. Merrifield reported a novel strategy of solid phase peptide syn-

thesis (SPPS) (Merrifield, 1963). The advent of SPPS has brought a revolu-

tion in the peptide synthesis. Merrifield was awarded Nobel Prize in

Chemistry in 1984 for his work in the area of peptide synthesis.

The SPPS was based on the concept of successive steps of coupling (pep-

tide bond formation) and deprotection of reactive functional groups in the

amino acid residues to synthesize peptides. The peptide chain was assembled

on a solid support in SPPS. The application of solid support facilitates easy

work-up procedure that includes washing and filtration in a single reaction

vessel. The SPPS has simplified the purification procedure associated with

solution phase peptide synthesis. Furthermore, with the advancements in

technology fully automated peptide synthesizers are now available. The pep-

tide synthesizers can synthesize multiple peptide samples once the synthetic

strategy and the peptide sequence has been defined. The SPPS has gained

much popularity for the peptide synthesis, although solution phase can still

be used for the synthesis of short peptides on industrial scale.

With the advent of solid-phase methodology, the large-scale synthesis of

peptide-based “active pharmaceutical ingredients” become possible

(Albericio & Kruger, 2012; Bruckdorfer, Marder, & Albericio, 2004;

Zompra, Galanis, Werbitzky, & Albericio, 2009). With the help of SPPS,

peptides of 30�50 amino acids can be synthesized on a multikilogram scale

within few weeks, which, otherwise need up to B100 synthetic steps. The

ease of the synthetic methodology along with the development of methods to

increase the stability of peptides lead to the commercialization of medium-

sized peptides (25�50 residues), and number of peptides have been
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advanced to the clinical trials (Fosgerau & Hoffmann, 2015; Ghosh, 2016;

Kaspar & Reichert, 2013). The identical methodology has been implemented

in the oligonucleotide field (Eritja, 2007; Wilk, Grajkowski, Srinivasachar,

& Beaucage, 1999). In addition, solid-phase technology has led to the signif-

icant advances in the field of combinatorial sciences, which play a critical

role in the drug design and discovery (Gil & Bräse, 2009; Nicolaou &

Pfefferkorn, 2005).

3.2 Principles of solid phase peptide synthesis

In the SPPS, the C-terminal amino acid residue of the desired peptide is

linked to an insoluble solid support by its carboxyl functionality. The target

peptide is synthesized linearly from the C-terminal to the N-terminal (C-N

strategy) by repetition of successive deprotection/coupling steps after incor-

porating the first amino acid. The various functional groups in amino acid

side-chains must be protected with permanent protecting groups (Pn), which

are not affected by the reaction conditions employed during peptide chain

assembly. The α-amino group is protected by a temporary protecting group

(T, usually a urethane derivative) and mild conditions are used to cleave the

temporary protecting group. The mild conditions preserve the peptide integ-

rity and decrease epimerization rate that can proceed through the formation

of 5(4H)-oxazolone of the activated amino acid during the coupling process

(Fig. 3.1) (Bergmann & Zervas, 1928; Goodman & Levine, 1964). The pro-

tective role of urethanes against epimerization highlights the prevalence of

the C-N strategy.

The carboxy group of the second amino acid (added in large amount) is

activated in the form of activated ester by carrying out the reaction in the

presence of a coupling agent. After the completion of the coupling reaction,

washing with solvents is done to remove the excess reagents. Before the

addition of third amino acid, the protecting group is removed from the N-ter-

minal of the dipeptide. The deprotection of the N-terminal protecting group

and the coupling reaction are repeated till the formation of the target peptide

sequence. The side-chain protecting groups are removed concomitantly dur-

ing the final step of cleavage of desired peptide from the resin. The

FIGURE 3.1 The formation of oxazolone by epimerization.
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protecting groups of the reactive functionalities of amino acid residues and

resin linkage are selected on the basis that both the removal of the protecting

groups as well as cleavage of the assembled peptide can take place in the

identical conditions. In SPPS, two main strategies are based on the concourse

of tert-butyloxycarbonyl (Boc) and fluorenylmethoxycarbonyl (Fmoc) as

temporary protecting groups.

3.2.1 Merrifield solid phase peptide synthesis or Boc/Bzl

During the 1960s and 1970s, the Boc strategy was developed. In Boc strat-

egy, both Boc and permanent side-chain protecting groups during the chain

elongation step are removed by acidolysis. The Merrifield technique

(Barany, Kneib-Cordnier, & Mullen, 1987; Kent, 1988; Stewart & Young,

1984) for the peptide synthesis is shown in Fig. 3.2. The C-terminal amino

acid is affixed to the support through formation of a benzyl ester with hydro-

xymethylphenylacetamidomethyl polystyrene (PAM resin). The temporary

protection of the α-amino group was done by Boc group and it can be easily

removed with neat trifluoroacetic (TFA) or TFA in dichloromethane (DCM).

The trifluoroacetate is neutralized with diisopropylethylamine (DIPEA) in

DCM before the coupling step, or neutralized in situ during the coupling

step.

The use of preformed amino acid symmetrical anhydrides or benzotriazo-

lyl esters in N,N-dimethylformamide (DMF) or N-methylpyrrolidone (NMP)

is favored currently as compared to the activation of the incoming amino

acid with dicyclohexylcarbodiimide in DCM earlier. Different benzyl-based

protecting groups have been developed to protect the trifunctional amino

acids side-chains. The side-chain protecting groups are chemically tweaked

for particular functional groups by substitution of the benzyl ring with elec-

tron donating or withdrawing groups. The anhydrous hydrogen fluoride at

FIGURE 3.2 The various steps involved in the Merrifield SPPS are shown.
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low temperature (�20�C) in the presence of scavengers (Tam, Heath, &

Merrifield, 1983) is used to cleave the peptide from the resin as well as for

removing side-chain protecting groups.

The Merrifield method has become a powerful tool due to the improved

quality of base-resin material, Boc-protected amino acids, as well as better

hydrofluoric acid (HF) cleavage protocols, which, in turn, led to the efficient

synthesis of a number of large peptides and small proteins (Kent, 1988).

However, Merrifield technique has the following limitations that limit its

utility: (1) the use of highly toxic HF for the removal of the peptide2 resin

linkages; (2) the requirement for special polytetrafluoroethylene-lined appa-

ratus; (3) significant changes can take place in the structural integrity of pep-

tides possessing fragile sequences in the strongly acidic conditions.

3.2.2 Fmoc/tBu solid phase peptide synthesis

The Fmoc/tBu method (Atherton, Fox, Harkiss, & Sheppard, 1978) is estab-

lished on an orthogonal protecting group strategy (Carpino & Han, 1972) as

compared to Merrifield SPPS (Fig. 3.2), which employs acidolysis to achieve

selectivity in the elimination of temporary and permanent protecting groups.

In the 1980s, with the advent of the Fmoc group, both Boc and Fmoc strate-

gies were commonly used for SPPS. The α-amino functionality has been

protected by base-labile N-Fmoc group. The acid-labile side-chain protecting

groups and acid-labile linkers are used in the orthogonal protecting group

strategy. The above strategy has the advantage that the removal of temporary

and permanent protection is effected by different mechanisms, facilitating

the use of milder acidic conditions for the final deprotection and cleaving

the peptide2 resin linkage as compared to the conditions used in the

Merrifield method. The Fmoc/tBu method for the peptide synthesis is

depicted in Fig. 3.3. The C-terminal residue is attached to a TFA-labile link-

age agent and the side-chain functional groups are protected with TFA-labile

protecting groups. A solution of 20% piperidine in DMF is used for

FIGURE 3.3 The steps that lead to the formation of a dipeptide using Fmoc SPPS are shown.
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removing the temporary Nα-Fmoc protecting group. The coupling reaction is

performed in DMF or NMP with preformed active esters or using activation

reagents, which forms in situ benzotriazolyl esters. The side-chain deprotec-

tion and the cleavage of the peptide from resin were done using 95% TFA.

The development of the Fmoc approach to SPPS has been listed in a number

of excellent reviews (Fields & Noble, 1990; Grant, 1992).

Usually, t-butyl and trityl-based side-chain protection and alkoxybenzyl-

based linkers are utilized due to their ease of removal with TFA. TFA is a

good solvent for peptides as it can be used in standard laboratory glassware

and is easily evaporated due to its volatile nature. The ease of the cleavage

reaction and the simplicity with which the method can be used to multiple

peptide synthesis makes Fmoc/tBu method an attractive approach for the

peptide synthesis. The Fmoc SPPS does not involve the repetitive use of

TFA in each cycle and also avoids the use of anhydrous HF. The above men-

tioned advantages associated with Fmoc SPPS accounts for the popularity of

this method for the routine synthesis of peptides (Behrendt, White, & Offer,

2016). However, a significant drawback of this method is the formation of

incomplete sequences, which affects the purity of the final desired peptide

synthesized. In some cases, the separation of the desired peptide from the

incomplete sequences is quite cumbersome due to very small difference in

their polarity (Paradis-Bas, Tulla-Puche, & Albericio, 2016). The above con-

ditions arise due to the removal of temporary protecting group at any stage

during peptide synthesis because of steric effects or peptide aggregation on

the resin. The steric effects are generally observed in α,α-disubstituted

amino acids, N-methylated amino acids, and bulky side-chain protecting

groups. The steric effects restrict the accessibility of the reagents into the

reaction site on the peptidyl resin (Bedford et al., 1992). The hydrophobic

peptides and long sequences generally encounter peptide aggregation during

the peptide synthesis (Paradis-Bas et al., 2016).

3.3 Resins

The first step of SPPS is the loading of the N-protected C-terminal amino

acid to the solid support via an ester or an amide bond, which, in turn,

depend on the C-terminal functional group of desired peptide. The use of a

solid support during peptide synthesis has its own advantages as a large

excess of reagents at high concentration can drive the peptide coupling reac-

tions to completion. The extra reagents and side products are easily removed

from the growing peptide chain by filtration and washings. Moreover, all

steps involved in the peptide synthesis can be performed in the same reaction

vessel.

Various commercially available linkers are anchored on the different

solid supports [polystyrene (PS), PA, polyethylene glycol (PEG)-PS].

Although SPPS can be carried out on various solid supports, however,
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currently microporous gel-type solid supports are used (Garcia-Martin &

Albericio, 2008; Jensen, Tofteng Shelton, & Pedersen, 2013). In the SPOT

technique, cellulose membranes have been efficiently used for the parallel

synthesis of a large number of peptides (Frank, 2007). The syntheses are per-

formed concurrently on different areas of the cellulose membrane and can be

automatized.

The cross-linked PS beads have been commonly used for peptide synthe-

sis after the initial work of Merrifield. The PEG being less hydrophobic has

also been utilized as solid support for SPPS. It can be used alone or grafted

to PS or polyamides. PS is physically stable and does not solubilize in com-

monly used solvents. These have high solvation power, and PS swells in

DCM, which was traditionally used during initial years of SPPS develop-

ment. However, DMF and NMP are used nowadays. However, PS does not

swell in hexane, methanol, or water.

PEG�PS resins, namely PEG�PS and TentaGel, were introduced inde-

pendently by Barany et al. (1992) and Rapp, Zhang, Haebich, and Bayer

(1989). The carboxylic acid containing PEG is integrated into aminomethyl-

PS (AM-PS) through an amide bond in PEG�PS, whereas, polymerization

of ethylene oxide onto a styrene and divynylbenzene copolymer is performed

in TentaGel. TentaGel is well-solvated in both polar and nonpolar solvents

due to high conformation flexibility of PEG chains. Various studies

highlighted the superiority of PEG over PS-based solid support (Kates, Solé,

Beyermann, Barany, & Albericio, 1996). In addition, both PEG�PS and

TentaGel are stable to moderate pressure and can be employed in columns

for continuous-flow peptide synthesis. The solvation in aqueous media has

permitted the use of these supports for the synthesis of libraries of mixture

of peptides and further screening of peptides in solid phase when these pep-

tides were anchored to the solid support (Buchardt et al., 2000). The

PEG�PS solid supports have lower loading capacity and are more expensive

as compared to PS.

The resins preloaded with the first C-terminal N-protected amino acid are

preferred for SPPS because the anchoring of an amino acid to the solid sup-

port by esterification is difficult. Moreover, it can result in the epimerization,

dipeptide formation, low substitution, and can be hazardous for some resi-

dues. The various resins employed in Fmoc/tBu strategy for the synthesis of

C-terminal peptide acid are shown in Fig. 3.4 (Barlos et al., 1989;

Flörsheimer & Riniker, 1991; Mergler, Nyfeler, Tanner, Gosteli, & Grogg,

1988; Wang, 1973). It should be noted that the anchoring reactions must be

carried out in an anhydrous condition.

For hydroxymethyl-based resins, formation of the ester linkage is easier

with unhindered resins such as Wang resin as compared to Sasrin and 4-(4-

Hydroxymethyl-3-methoxyphenoxy)butyric acid resins possessing methoxy

groups. The symmetrical anhydride method is employed for the esterification

process. The Fmoc release measurement can be used to check the loading.
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The esterification needs to be performed with fresh reactants in case of diffi-

cult anchoring. Arginine derivatives require three esterification steps to yield

correct loading. The unreacted resin-bound hydroxyl groups should be

capped by benzoic anhydride or acetic anhydride after anchoring.

For the synthesis of C-terminal peptide amides, the commonly used resins

are Rink Amide (Rink, 1987), Pal (Bernatowicz, Daniels, & Köster, 1989),

and Sieber (Sieber, 1987) resins (Fig. 3.4). These resins are well-suited with

Fmoc chemistry as well as TFA cleavage. The standard peptide coupling

methods can be employed for the attachment of the first urethane N-

protected residue. These resins are Fmoc-protected and need to be depro-

tected before adding first amino acid residue. A double coupling reaction

needs to be performed with bulky C-terminal amino acids.

Trityl-based resins are highly acid-labile and can be employed for Pro,

Gly C-terminal peptides (Fig. 3.4). The bulky groups present in the linker

hinder the formation of diketopiperazine (DKP). The cleavage of protected

peptide segments from the resin can be done in extremely mild acidolysis

conditions. The chloride or alcohol precursors of the trityl-based resins are

available. The glassware and reagents need to be dried in order to prevent

the hydrolysis into the alcohol form, as trityl chloride resin is extremely

moisture-sensitive. The trityl alcohol precursor should be activated and it is

highly recommended to reactivate the chloride just before use. After activa-

tion, the first residue is attached by reaction with the Fmoc amino acid

FIGURE 3.4 The various resins that are employed for Fmoc SPPS.
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derivative in the presence of a base. The reaction is free from epimerization

as activated species are not involved in the reaction.

3.4 Linkers

The linker links the growing peptide chain with the solid support and pro-

tects the C-terminal α-carboxyl group during the peptide synthesis. The final

peptide is released as an acid or amide upon treatment with TFA, which

depends upon the choice of linker (Fig. 3.5). Further, the concentration of

TFA used decides whether the fully deprotected peptide is released or the

acid sensitive side-chain protecting groups are still retained. The C-terminal

modified peptides such as esters and secondary amides are achieved when

peptide2 resin linkage is cleaved by nucleophiles.

3.5 Side-chain protecting groups

The protecting groups play a key role during SPPS as a large number of

amino acids generally used in peptide synthesis have reactive functional

groups in their side-chains (Lloyd-Williams, Giralt, & Albericio, 1997).

These reactive functional groups can be affected by the rather harsh condi-

tions employed during SPPS. Hence, to achieve high purity and efficiency

during the peptide synthesis, it is necessary to mask these reactive functional

groups by suitable protecting groups.

FIGURE 3.5 The final peptide formed depends upon the type of linker. The formation of pep-

tide amide from benzyl amide and peptide acid from benzyl ester or oxime is shown.
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Most commonly, the TFA labile protecting groups are used, which facili-

tate the formation of completely deprotected peptide as it is cleaved from the

support. However, the protecting groups are available that can be removed

selectively, which allows the side-chain modification of each amino acid res-

idue within the peptide. The above strategy is useful for the synthesis of

side-chain cyclized peptides, biotinylated peptides, and phosphor peptides

(Albericio, 2000). The commonly employed side-chain protecting groups

during the peptide synthesis are listed in Table 3.1. In addition, the cleavage

conditions of various protecting groups are also listed in Table 3.1.

3.6 Coupling reaction

The SPPS is the simplest method for the synthesis of peptides by stepwise

coupling of N-protected amino acids. The SPPS involves the activation of

carboxylic group in situ. Generally, the activated amino acid is taken in

excess (2�10 times) as compared to the resin. This facilitates the effective

diffusion of reactants and ensures good product yield. The peptide sequence

that is already attached to the resin, nature of the activated species, and con-

centration of reagents determine the total time needed for a complete acyla-

tion reaction.

The addition of additives such as HOBt (König & Geiger, 1970), 60

HOAt (Carpino, 1993), Oxyma-Pure (Subirós-Funosas, Prohens, Barbas, El-

Faham, & Albericio, 2009), and Oxyma-B (Jad et al., 2014) results in the

formation of active esters. The esters formed in the presence of additives are

relatively less reactive than the O-acyl isourea (active species formed in the

presence of carbodiimides). The lower reactivity of esters helps to reduce the

racemization and hence enhances coupling efficiency, prevents the formation

of inactive N-acyl urea, and prevents other side reactions (El-Faham &

Albericio, 2011). The benzotriazole-based additives are labeled as class 1

explosive materials due to their thermal instability (Wehrstedt, Wandrey, &

Heitkamp, 2005). A great care needs to be taken during their transportation

and storage, and thus, restrict their applications. The OxymaPure [Ethyl 2-

cyano-2-(hydroxyimino)acetate] has been reported to be highly efficient and

suppresses racemization remarkably in the carbodiimide approach (Subirós-

Funosas et al., 2009). Besides these, iminium/uronium salts have been

reported as another class of coupling agents. The iminium/uronium salts

were obtained by reaction of HOXt with the chloroformamidinium salt

(Dourtoglou, Gross, Lambropoulou, & Zioudrou, 1984; Dourtoglou, Ziegler,

& Gross, 1978).

The favored coupling reagents are benzotriazol-1-yl-oxytripyrrolidino

phosphonium hexafluorophosphate (PyBOP) (Coste, Le Nguyen, & Castro,

1990) for phosphonium-based activation and O-(benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium tetrafluoroborate (TBTU) (Knorr, Trzeciak, Bannwarth,

& Gillessen, 1989) or N-[(1H-benzotriazol-1-yl) (dimeth-ylamino)
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TABLE 3.1 The side-chain protecting groups that are currently used in the

Fmoc-based SPPS.

Amino acid

and side-

chain

functionality

Protecting groups Cleavage

conditions

Remarks and

side reactions

Arg 50% v/v TFA
(Ramage &
Green, 1987)
TFA-anisole-
EDT-EMS
(95:3:1:1)
(Ramage,
Green, &
Blake, 1991)

The cleavage is
accelerated in
the presence of
thiols.

Pmc

90%�95% v/v
TFA (Atherton,
Sheppard, &
Wade, 1983),
TFA-anisole
(9:1) (Fujino,
Wakimsu, &
Kitadu, 1981)

Mtr

95% v/v TFA
(Carpino et al.,
1993)

Pbf

Asp/Glu 90% v/v TFA
(Schwyzer &
Dietrich, 1961)

The formation
of Aspartimide
may take place.

OtBu

Pd(Ph3P)4/
PhSiH3

(Dessolin,
Guillerez,
Thieriet, Guibe,
& Loffet, 1995;
Kates et al.,
1993; Trzeciak
& Bannwarth,
1992)

(Continued )



TABLE 3.1 (Continued)

Amino acid

and side-

chain

functionality

Protecting groups Cleavage

conditions

Remarks and

side reactions

OAll

Asn/Gln 90% v/v TFA
(Sieber &
Riniker, 1991)

Protections
avoid
dehydration of
the
carboxamide
side-chain
during
activation and
help to
solubilize
Fmoc-Asn-OH
and Fmoc-Gln-
OH. pyrGlu
formation for
N-terminal
glutamine
peptides.

Trt

Cys 90% v/v TFA
(Sieber &
Riniker, 1991)

During
activation, the
epimerization
can occur to a
greater extent.
Possibility of
peptide folding
due to the
formation of
disulfide
linkage.

Trt

His 50% TFA in
DCM (Sieber &
Riniker, 1987)

Epimerization
is observed
during
activation.

Trt (NHτ)

(Continued )
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TABLE 3.1 (Continued)

Amino acid

and side-

chain

functionality

Protecting groups Cleavage

conditions

Remarks and

side reactions

1% TFA in
DCM (Aletras,
Barlos, Gatos,
Koutsogianni, &
Mamos, 1995)

Mtt

Lys 90% v/v TFA
(Chang et al.,
1980)

Boc

1% TFA in
DCM (Aletras
et al., 1995)

Mtt

Pd(Ph3P)4/
PhSiH3

(Thieriet,
Alsina, Giralt,
Guibe, &
Albericio,
1997; Trzeciak
& Bannwarth,
1992)

Alloc

Ser/Thr/Tyr 90% v/v TFA
(Beyerman &
Bontekoe,
1961; Callahan,
Anderson, Paul,
&
Zimmermann,
1963)

(Continued )
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methylene]-N-methyl-methanaminium hexafluorophosphate N-oxide (HBTU)

(Dourtouglou, Ziegler, & Gross, 1978) for aminium/uronium-based activa-

tion (Fig. 3.6). These coupling reagents are used to make the OBt ester of

the corresponding N-protected amino acids. Generally, the carboxylate

(reacts with coupling reagents) of N-protected amino acids was synthesized

by reacting with DIPEA.

In recent years, N-[1H-benzotriazol-1-yl(dimethylamino)methylene]-N-

methylmethanaminium hexafluorophosphate (HATU) (Carpino, 1993) and 7-

azabenzotriazol-1-yl-oxytris(pyrrolidino)phosphonium hexafluorophosphate

(PyAOP) (Carpino, El-Faham, Minor, & Albericio, 1994) have been reported

to be more efficient. These coupling agents generate OAt esters and their use

reduces epimerization.

The uronium/aminium-based reagents (HBTU, HATU, TBTU) are

believed to show similar mechanistical function as their phosphonium

TABLE 3.1 (Continued)

Amino acid

and side-

chain

functionality

Protecting groups Cleavage

conditions

Remarks and

side reactions

tBu

1%�5% TFA in
DCM (Barlos
et al., 1991;
Barlos, Gatos,
& Koutsogianni,
1998)

Trt

Trp 90% v/v TFA
(White, 1992)

Although Trp
can be used
unprotected,
however, side
reactions may
take place in
case Arg(Pmc)
or Arg(Pbf) is in
the peptide
sequence.

Boc
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analogs. However, they can irreversibly block the free N-terminal amino

function of the peptide resin by forming tetramethylguanidinium derivatives

(Fig. 3.7) (Story & Aldrich, 1994). In order to prevent the formation of tetra-

methylguanidinium derivatives, it is suggested to generate the carboxylate of

the amino acid before adding the coupling reagents at a slightly less equiva-

lent compared to the amino acid.

A double coupling step with fresh reagents needs to be performed in case

a colorimetric test indicates the presence of free amino groups that highlight

incomplete coupling. A capping procedure by employing acetic anhydride

can be done to prevent the elongation of these less-reactive amino groups,

when acylation is not complete even after second coupling. The aggregation

of peptide might be the reason if the colorimetric test still indicates the pres-

ence of free amino groups after capping.

3.7 Fmoc deprotection

A solution of 20% piperidine in DMF is used to remove Fmoc group from

the N-terminal of the peptidyl resin. The mechanism of the Fmoc

FIGURE 3.7 N-terminal tetramethylguanidinated peptides.

FIGURE 3.6 The phosphonium and uronium/aminium coupling reagents employed in the

SPPS are shown.

70 De Novo Peptide Design



deprotection reaction is shown in Fig. 3.8. The reaction is generally complete

within 10 minutes and may take more time in some cases. A deprotection

time of 20 minutes is normally recommended for the safe removal of Fmoc

group. The generation of cyclopentadienetype intermediate by the initial

deprotonation of fluorene ring is the key step. The cyclopentadienetype inter-

mediate rapidly eliminates to yield dibenzofulvene that is scavenged by

piperidine. The dibenzofulvene-piperidine adduct shows strong absorbtion in

the UV range, which facilitates the monitoring of the Fmoc group by UV

spectroscopy in automatic synthesizers.

The partial deprotection of Fmoc group is carried out by treating with a

mixture of 20% piperidine and 1%�5% l,8-diazabicyclo[5.4.0]undec-7-ene

(DBU) in DMF. Although in most of the cases the deprotection is effective

with piperidine, complete Fmoc deprotection does not take place even under

high concentrations of piperidine for larger peptides. In these cases, stronger

tertiary base such as DBU can be employed (Wade, Bedford, Sheppard, &

Tregear, 1991). DBU causes fast deprotection, less enantiomerization of

resin-bound C-terminal Cys(Trt), and decreases the extent of broadening of

UV Fmoc-deprotection peaks. In batch synthesis, addition of 2% piperidine

to the deprotection mixture containing DBU is recommended in order to

scavenge the dibenzofulvene formed during Fmoc removal and prevention of

the alkylation of resin amino groups (Kates et al., 1996). DBU can lead to

the formation of aspartimide, thus it is not suitable for Asp or Asn-

containing sequences.

3.8 Final cleavage

The concentrated TFA is commonly employed for cleaving the pepti-

de2 resin linkage and the removal of the side-chain protecting groups.

Under these conditions, the side-chain protecting groups yield stabilized

FIGURE 3.8 N-Fmoc removal reaction.
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carbocations that react rapidly with the electron-rich side-chain of amino

acids (Cys, Met, Tyr, Thr, Ser, Trp), which, in turn, yield by-products. In

order to trap the carbocations, scavengers are added to the cleavage mixture.

A number of cleavage cocktails has been described to standardize the cleav-

age conditions of particular sequences. As compared to thiol-based cocktails,

silane-based cocktails yield good results as they are nonodorous and less

toxic (Pearson, Blanchette, Baker, & Guindon, 1989). Special attention

should be given for the preparation and usage of the cleavage cocktails. All

the steps need to be performed in the fume hood using gloves and safety

glasses.

3.9 Side reactions

During SPPS, side reactions are normally encountered. Most of them are

well-known in the literature and can be easily prevented by using appropriate

protecting groups and linker. The possible side reactions encountered during

peptide synthesis are discussed below.

3.9.1 Diketopiperazine formation

The intramolecular cleavage of the resin-bound ester linkage by free amino

group of the preceding amino acid residue under basic conditions at the C-

terminal deprotected dipeptide stage leads to the formation of DKP

(Fig. 3.9). The formation of DKP is commonly encountered in Fmoc SPPS

strategy as the deprotection of the Fmoc group by piperidine forms a free

amino group. The nature of the C-terminal amino acid (particularly proline

or glycine) and the type of peptide linker ester anchor determine the amount

of DKP formation. To block the formation of DKP, hindered trityl-based

resins need to be used.

3.9.2 Aspartimide formation

The common side reaction that is encountered in routine SPPS is the cycliza-

tion of aspartic acid residues to form aspartimide (Fig. 3.10). The asparti-

mide formation involves attack of the nitrogen attached to the α-carboxy

group of aspartic acid or asparagine residues on the side-chain ester or amide

group, respectively, which, in turn, leads to the formation of an imide ring.

FIGURE 3.9 DKP formation.
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The formation of aspartimide is a sequence-dependent side reaction, which

takes place either during the peptide chain elongation or during final TFA

cleavage in the peptides containing Asp(OtBu)-AA motif [AA5Gly, Ala,

Asn(Trt), Ser] (Lauer, Fields, & Fields, 1995). A mixture of both α and

β-peptides are formed by the hydrolysis of the aspartimide. Also it leads to

the formation of α and β-piperidides on reaction with piperidine employed in

the removal of Fmoc. Although Asp (OtBu) provides sufficient protection in

Fmoc-based SPPS, sequences containing Asp(OtBu)-Asn(Trt) are highly

prone to the formation of aspartimide. The aspartimide formation can be pre-

vented by adding HOBt to the piperidine solution or masking of the aspartyl

amide bond with 2-hydroxy-4-methoxybenzyl (Hmb) (Quibell, Owen, Packman,

& Johnson, 1994).

As discussed in the chapter, the continuous development of synthetic

methods has enabled the preparation of a wide range of peptides having vast

applications in the biomedical field. Peptide chemists need to focus on the

more sustainable methods, with a key attention on the use of green solvents,

and to improve atom economy in protection/deprotection processes.
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(1989). Darstellung geschützter peptid-fragmente unter einsatz substituierter

triphenylmethyl-harze. Tetrahedron Letters, 30, 3943�3946.

Barlos, K., Gatos, D., & Koutsogianni, S. (1998). Fmoc/Trt-amino acids: Comparison to Fmoc/

tBu-amino acids in peptide synthesis. Journal of Peptide Research, 51, 194�200.

Barlos, K., Gatos, D., Koutsogianni, S., Schafer, W., Stavropoulos, G., & Yao, W. Q. (1991).

Darstellung und einsatz von N�Fmoc�O�Trt�hydroxyaminosäuren zur “solid phase”
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4.1 Introduction

Peptides are polymers of amino acids capable to function as signaling

molecules, enzymes, hormones, and carriers in living beings. Their thera-

peutic potential was acknowledged after the introduction of insulin for dia-

betes. Later, peptides like octreotide, calcitonin, oxytocin, vasopressin,

exenatide, and teriparatide were introduced with advancements in peptide

chemistry. At present, considering the pharmaceutical landscape, there are

more than 80 peptide drugs marketed worldwide (Muttenthaler, King,

Adams, & Alewood, 2021). They have been used for therapeutic indica-

tions, involving metabolic diseases, osteoporosis, cancer, chronic pain, car-

diovascular, and endocrinology.

Multiple medicinal approaches have been utilized to improve peptide’s sta-

bility, selectivity, potency, and pharmacokinetics. For instance, strategies like

the use of unnatural amino acids, N-terminal modifications, deamination, cycli-

zation, and nanoconjugations have been employed to improve the pharmacoki-

netic properties of peptidic drugs. A change in amino acid stereochemistry from

L to D can make a huge impact in the structure and electrostatics of the peptide

(Kumar, Ramakrishnan, Ranbhor, Patel, & Durani, 2009; Kumar, Ranbhor,

Patel, Ramakrishnan, & Durani, 2017; Ramakrishnan, Ranbhor, & Durani,

2004; Ramakrishnan, Ranbhor, & Durani, 2005; Ramakrishnan, Ranbhor,

Kumar, & Durani, 2006; Ranbhor, Ramakrishnan, Kumar, & Durani, 2006).

Some of the attempts were successful in emerging peptide-based solutions as

theranostic agents, including radio conjugates, nanoformulations, and

fluorophore-tagged peptides (Goyal & Ramakrishnan, 2019; Goyal, Jerath,

Akhil, et al., 2021; Goyal, Jerath, Chandrasekharan, et al., 2021; Goyal, Jerath,

Chandrasekharan, Kumar, & Ramakrishnan, 2020; Jerath, Goyal, Trivedi,

Santhoshkumar, & Ramakrishnan, 2019; Jerath, Goyal, Trivedi, Santhoshkumar,

& Ramakrishnan, 2020).
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Peptides like cell-penetrating peptides (CPPs), tumor homing peptides,

anticancer peptides, and antimicrobial peptides (AMPs) have been used in

drug delivery due to less side effects, biocompatibility, selectivity, and

predictable metabolism being natural components of living beings. In addi-

tion to the naturally occurring peptides, rationally designed peptides have

advanced the peptide therapeutic regime toward selective and defined func-

tions. For instance, CPPs penetrate and deliver a wide range of cargoes in

mammalian cells (Copolovici, Langel, Eriste, & Langel, 2014). On the other

hand, tumor homing peptides are capable of selective targeting to tumors.

Similarly, based on the functional properties, peptides like tumor penetrating

peptides, lymphatic homing peptides, and anticancer peptides have also been

introduced (Goyal & Ramakrishnan, 2019).

4.2 Antimicrobial peptides

AMPs or host defense peptides are evolutionarily conserved components of

the innate immune system (Hancock & Scott, 2000). They are initially iso-

lated from the venoms of arthropods and show potent broad-spectrum activ-

ity against Gram-positive bacteria, Gram-negative bacteria, viruses, and

fungi (Hancock & Diamond, 2000; Reddy, Yedery, & Aranha, 2004). In gen-

eral, AMPs are short amino acid polymers having a chain length of 20�50

residues and 112 1 9 net charge (Mishra & Wang, 2012; Wang, Li, &

Wang, 2015). At present, there are more than 5000 known AMPs, which led

to the formation of several antimicrobial databases (Table 4.1) (Fan et al.,

2016; Wang et al., 2015; Zhao, Wu, Lu, Li, & Huang, 2013). For example,

Antimicrobial Peptide Database is a manually created database based on the

set of data-collection criteria. It contains 3257 antimicrobial peptides from

six kingdoms (bacteria, fungi, archaea, protists, plants, animals) having vari-

ous properties like antibacterial, antifungal, antiviral, wound healing, spermi-

cidal, insecticidal, antioxidant, anticancer, and antidiabetic properties (Wang

et al., 2015).

They are classified based on their structure, source, composition, and

activity (Fig. 4.1). They are ubiquitously found in all life forms like bacteria,

fungi, protists, fish, amphibians, insects, and mammals. Generally, they are

rich in residues like tryptophan, arginine, proline, histidine, and glycine.

Their applications are not limited to medicine (gramicidin, daptomycin,

colistin, and others) but to the food industry (nisin, polylisine), animal hus-

bandry (caerin 1.1, dicentracin), and agriculture (mastoparan-S, PAF26, tha-

natin, etc.) (Huan, Kong, Mou, & Yi, 2020). Structurally, the known AMPs

have secondary structures like α-helices (magainin 2, cathelicidins), β-sheets

(gramicidin S, defensins, hepcidins), extended (histatins, indolicidin), and

combined forms (protegrin-3) (Fig. 4.2).
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4.3 De novo design of antimicrobial peptides

The essential design features for AMPs’ functionality include net positive

and amphipathic character (Wimley, 2010). Around 50% hydrophobicity is

desirable for the interaction of AMPs with bacterial membranes (Mishra &

Wang, 2012; Wang et al., 2015). Their secondary structure plays an impor-

tant role in mediating interaction and penetration through membranes. They

have been reported to form diverse secondary structures, including helices,

beta-sheet, and random coil, for stability (Fig. 4.2). Rational design strategies

have been adopted to improve their antimicrobial activity based on the prin-

ciples of electrostatics, hydrogen bonding, tacticity, and conformational pre-

ferences of amino acids (Prakash, Ranbhor, & Ramakrishnan, 2020;

TABLE 4.1 Antimicrobial databases.

S.

no.

Database References

1 APD Wang, Li, and Wang (2009), Wang et al. (2015), Wang &
Wang (2004)

2 DBAASP Gogoladze et al. (2014)

3 DRAMP Fan et al. (2016)

4 CAMP Thomas, Karnik, Barai, Jayaraman, and Idicula-Thomas (2009)

5 LAMP Zhao et al. (2013)

6 BaAMPs Di Luca, Maccari, Maisetta, and Batoni (2015)

7 Cybase Wang, Kaas, Chiche, and Craik (2008)

8 DAMPD Seshadri Sundararajan et al. (2011)

9 BACTIBASE Hammami, Zouhir, Ben Hamida, and Fliss (2007), Hammami,
Zouhir, Le Lay, Ben Hamida, and Fliss (2010)

10 PhytAMP Hammami, Ben Hamida, Vergoten, and Fliss (2008)

11 DADP Novković, Simunić, Bojović, Tossi, and Juretić (2012)

12 Defensins Seebah et al. (2006)

13 EnzyBase Wu, Lu, Huang, Li, and Huang (2012)

14 InverPep Gómez, Giraldo, and Orduz (2017)

15 MilkAMP Théolier, Fliss, Jean, and Hammami (2014)

16 Peptaibols Whitmore and Wallace (2004)

17 THIOBASE Li et al. (2012)

18 YADAMP Piotto, Sessa, Concilio, and Iannelli (2012)
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Ranbhor, Kumar, Patel, Ramakrishnan, & Durani, 2018; Ranbhor, Kumar,

Tendulkar, et al., 2018). In addition, it also includes the incorporation of

unnatural amino acids, cyclization, stapling, N- or C-terminal modifications,

and disulfide linkages.

4.3.1 Unnatural amino acids

Protease instability is one important limiting factor of peptide therapeutics.

The incorporation of unnatural amino acids in peptides helps in increasing

their stability by providing protection to proteolytic cleavage (Hazam, Akhil,

Jerath, Saikia, & Ramakrishnan, 2019; Hazam, Goyal, & Ramakrishnan,

2019; Hazam, Jerath, Chaudhary, & Ramakrishnan, 2018; Hazam, Jerath,

Kumar, Chaudhary, & Ramakrishnan, 2017; Hazam, Phukan, Akhil, Singh,

& Ramakrishnan, 2021; Hazam, Singh, Chaudhary, & Ramakrishnan, 2019;

Saikia, Sravani, Ramakrishnan, & Chaudhary, 2017). In fact, few AMPs like

gramicidin are composed of unnatural amino acids naturally. Merrifield et al.

replaced L-amino acids with D-amino acids in melittin, magainin 2, and

cecropin A (Wade et al., 1990). Few other reports on the de novo design of

AMPs demonstrate the use of unnatural amino acids for improved bioactiv-

ity. Hazam et al. employed unnatural amino acids in their designed AMPs

using the knowledge of stereochemistry, tacticity, and principles of electro-

statics (Hazam et al., 2017; Hazam et al., 2018). They reported the design of

AMPs with distinct cationic and hydrophobic zones for interaction with

FIGURE 4.1 AMPs classification. AMPs, classified based on their origin, structure, functions,

and charge. AMPs, Antimicrobial peptides.

82 De Novo Peptide Design



membranes of Gram-positive, Gram-negative, and acid-fast bacteria (Hazam

et al., 2021).

4.3.2 Cyclization

Peptides whose end terminals are linked by disulfide bonds, side chains, or

head-to-tail bonds creating a ring-like structure are termed cyclic peptides. In

nature, few AMPs like AS-48 and theta-defensins are circular in nature.

Orlov et al. (2019) have reported that the main chain cyclization of arenicin-

1 enhanced its activity against drug-resistant clinical isolates and possessed

no cytotoxicity. Cyclic analogs of tachyplesins I, II, and III are known to

have similar structure and activity as their parent peptide (Vernen et al.,

2019), to form nanoassemblies by stacking up in a way to create a hollow

tube-like nanochannel. These peptides are resistant to proteolytic cleavage

and have broad-spectrum antimicrobial activity (Dartois et al., 2005;

Fernandez-Lopez et al., 2001).

FIGURE 4.2 Secondary structures of AMPs. (A) LL-37 peptide has α-helical structure (Pdb

Id: 2K6O). (B) Human β-defensin-1 peptide has β-sheet structure (Pdb Id: 1KJ5). (C) Protegrin-

3 peptide having a combination of α-helix and β-sheet structures (Pdb Id: 1KWI). (D)

Indolicidin peptide with no extended conformation (Pdb Id: 1G89). AMPs, Antimicrobial

peptides.
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4.3.3 Chemical modifications

4.3.3.1 Lipidation

Lipopeptides like daptomycin, polymyxin B, and colistin are naturally lipi-

dated antimicrobial agents. Lipidation refers to the addition of hydrophobic

lipid tails by amidation, esterification, and disulfide bridging. It modulates

peptide pharmacokinetic and pharmacodynamics properties by influencing

peptide secondary structure, hydrophobicity, and self-assembly (Zhang &

Bulaj, 2012). In addition, lipidation also confers enzymatic stability, bio-

availability, membrane permeability, and bioactivity (Li et al., 2013; Zhang

& Bulaj, 2012).

4.3.3.2 Acylation

Acylation refers to the addition of lipophilic acids to the N-terminus or

amino acid side chain amine (N-acylation) or cysteine (S-acylation) residue

of the peptide. Naturally occurring AMPs having fatty acid linked to the N-

terminus of peptides are known as lipopeptaibols. Synthetically, many groups

have generated acylated variants of lactoferricin B, magainin, LL-37,

mastoparan-X, etc., and showed an enhancement in their antimicrobial prop-

erties upon acylation. Mak et al. have shown that the covalent conjugation of

saturated fatty acids (C82C12 hydrocarbon chains) has improved the anti-

bacterial potency (Scheme 4.1) of CG117�136 fragment of human cathepsin

G (Mak et al., 2003).

4.3.3.3 Glycosylation

The covalent attachment of glycans to specific amino acid residues in pep-

tides or proteins is glycosylation. It is an important posttranslational modifi-

cation that led to the change in the physicochemical properties and

consequently, biological functions like protein folding, target specificity,

host2 pathogen interactions, immunomodulation, etc. (Moradi, Hussein,

Varamini, Simerska, & Toth, 2016; Opdenakker, Rudd, Wormald, Dwek, &

Van Damme, 1995). Glycosylation is categorized into the following four

types depending on the residue site: N-glycosylation (Asn), S-glycosylation

(Cys), O-glycosylation (Ser, Thr, or Tyr), and C-glycosylation (Trp).

SCHEME 4.1 N-terminal acylation of CG 117�136 domain of human cathepsin G.
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Proline-rich AMPs like drosocin, formaecin 1, and formaecin 2 have O-

linked glycosylation (Bulet et al., 1993; Mackintosh, Veal, Beattie, &

Gooley, 1998). Bulet and coworkers have shown that the activity of drosocin

gets reduced 5�10 times against Escherichia coli without O-glycosylation

(Bulet et al., 1993; Bulet, Urge, Ohresser, Hetru, & Otvos, 1996). Kaur et al.

investigated the effect of sugar chain length on the activity of drosocin

(Lele, Kaur, Thiruvikraman, & Kaur, 2017). They observed a twofold

decrease in antibacterial activity upon increasing the sugar chain length. O-

glycosylation also helps in receptor recognition without membrane disruption

and enhances the antimicrobial activity of AMPs (Bulet et al., 1993;

Mackintosh et al., 1998).

Guo et al. have synthesized glycol-analogs of tryrocidine A by adding

monosaccharide, disaccharide, or lactose to the asparagine side chain, which

affects its conformation and activity (Hu et al., 2009). In another study,

cross-linking of nisin with chitosan in different ratios via genipin cross-

linker has influenced its antibacterial properties (Butler, Ng, & Pudney,

2003). Nisin to chitosan ratio of 200:1 has led to 80% bacterial growth inhi-

bition. It may be due to the disturbance of phospholipid assembly of the bac-

terial membrane by high local concentration of nisin, which led to its

penetration in cells and hence, high bioactivity.

S-glycosylated peptides are rare in nature and found in human urine

(Lote & Weiss, 1971). The prominent examples of antibacterial glycopep-

tides having sugar groups linked to the sulfur of cysteine residues are sublan-

cin 168, ASM1, thurandacins A/B, and glycocin F. Donk et al. showed that

S-glycosylated galactosyl, mannosyl, and GlcNAc sublancin analogs have

similar activity to S-glucosylated sublancin but displayed much better bioac-

tivity than nonglycosylated forms (Oman, Boettcher, Wang, Okalibe, & van

der Donk, 2011). Even the cationic peptidopolysaccharides have high selec-

tivity toward microorganisms. Li et al. have reported an ε-poly-L-lysine chit-

osan conjugate with antibacterial and antifungal properties (Su et al., 2017).

S-glycosylated peptides have improved enzymatic stability than O/N-linked

congeners against transglycosylases and glycosidases (Ludolph, Eisele, &

Waldmann, 2002; Piazza et al., 1999).

C-glycosylated peptides have carbohydrate moieties attached to the pep-

tide sequence. Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAc)

reaction via triazole ring formation has been employed to generate glycotria-

zole peptides. Verly et al. have developed more potent antifungal peptides

with a monosaccharide coupled to the hylaseptin-P1 peptide (Junior et al.,

2017). Similarly, the addition of carbohydrates to tyrocidine A by CuAAc

reaction has improved its therapeutic index (Lin & Walsh, 2004).

C-glycosylation assists in interaction with membranes and reduces toxicity

against mammalian cells like other glycosylation strategies.
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4.3.4 Conjugation to conventional antibiotics

This strategy involves the fusion of two distinct compounds to yield a potent

antimicrobial agent. The combination of AMP with conventional antibiotics

has proven to generate hybrid molecules with enhanced antimicrobial activ-

ity. For instance, Bishop et al. have conjugated levofloxacin (LVFX) to Pep-

4 AMP, which showed 102 80-fold more antibacterial activity under inter-

mediate and high salt conditions compared to Pep-4 (Rodriguez,

Papanastasiou, Juba, & Bishop, 2014). Similarly, Devocelle et al. have dem-

onstrated the coupling of cephalosporin to D-Bac8c(Leu2,5) AMP by CuAAc

chemistry (Desgranges et al., 2012). A series of HLopt2 and LFcinB (trun-

cated) AMP conjugates with combinations of ciprofloxacin, LVFX, and flu-

conazole have yielded hybrid molecules with enhanced antibacterial

activities (Ptaszyńska, Gucwa et al., 2019; Ptaszyńska, Olkiewicz et al.,

2019). In another study, LVFX conjugated to indolicidin AMP and transacti-

vator of transcription (TAT) CPP improved its antibacterial activity against

Gram-positive pathogens (Ghaffar et al., 2015). Kasko et al. have reported

the conjugation of tobramycin to the penetratin-derived segment membrane-

active antibiotic-peptide conjugates (MAAPC) for increasing the intracellular

accumulation of tobramycin (Deshayes et al., 2017). These findings showed

the potential of peptide-antibiotic hybrids for the future design of novel

antimicrobials.

4.3.5 Multivalent approach

Peptides with repeat units linked by disulfide bridges, amide linkages, or

other bond types led to highly branched structures like dendrimers, which

have shown better biocompatibility, stability, selectivity, and protease resis-

tance (Bracci et al., 2003). Dimeric lentivirus lytic peptides and magainin 2

were generated using disulfide bridging and showed 42 8 times more Gram-

positive bactericidal activity than the parent sequences (Mukai, Matsushita,

Niidome, Hatekeyama, & Aoyagi, 2002; Tencza et al., 1999). Tetrameric

structures have reported a higher cationic charge for better interaction with

anionic bacterial membranes. The dimeric oxidation of bovine lactoferrin-

derived peptide, LfcinB, by interdisulfide bridge has led to tetrameric

LfcinB, which showed a 5�10-fold enhanced bioactivity (Vargas Casanova

et al., 2017; Vega, Martı́nez, Chalá, Vargas, & Rosas, 2018).

Further, the development of multiple antigen peptide (MAP) by tethering

branching peptides to divalent Lys core has been established by an amide

linkage. Tam and coworkers have pioneered in generating MAP-like dendri-

mers of AMPs like protegrin, tachypleisin, and RTD-1 using Lys as the mul-

tivalent core unit (Tam, Lu, & Yang, 2002). Pini et al. have demonstrated

that tetrameric M6 peptide displayed more effective bacterial inhibition and

bactericidal activity against many Gram-negative bacteria than their
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monomeric counterparts (Pini et al., 2005). Similarly, vancomycin dimer for-

mation by diamine linkers showed higher antibacterial activity even in

vancomycin-resistant strains (Rao et al., 1999).

The polyvalency of peptides has also been reported using the carboxyl

group of amino acids or other small molecules. The tetramers of cationic

Lys-Leu-Ala-Arg (KLAR) or Arg-Leu-Ala-Arg (RLAR) peptides showed

significant antibacterial activity against Gram-negative bacteria (Khrushchev,

Kashparov, Klimenko, & Mitin, 2007). Cilli et al. synthesized two aurein 1.2

dimers [(AU)2K and E(AU)2] linked with lysine or glutamic acid residues.

These dimers did not only increase bacterial growth inhibition, but enhanced

the pore formation ability of peptides and increased membrane permeability

(Lorenzón, Sanches, Nogueira, Bauab, & Cilli, 2013). These reports showed

that multimerization of peptides constitutes a promising strategy for improv-

ing the activity of AMPs.

4.3.6 Antimicrobial peptide mimics

Synthetic mimics of AMPs are AMP-like molecules created using the knowl-

edge of peptidomimetics. Their backbones are composed of β-amino acid oli-

gomers, phenylene ethynylenes, acrylamide oligomers, etc. (Michael

Henderson & Lee, 2013). Similarly, peptoids are peptide-like molecules with

poly-N-substituted glycines, where the side chain is linked to amide nitrogen

instead of α-carbon of the backbone (Andreev et al., 2018; Simon et al.,

1992). Peptoid’s synthetic structure ensures sustained bioactivity by provid-

ing resistance to proteases. Sharma et al. have reported an SPO peptoid, a

homolog of AMP SA4, with an inhibitory effect against planktonic and bio-

film formation of Acinetobacter baumannii strains (Sharma, Choudhary,

Vashistt, Shrivastava, & Bisht, 2019). Peptoid nanoassemblies showed tre-

mendous potential in bioscience applications (Mannige et al., 2015; Wang

et al., 2020; Zhu et al., 2017). The lipidation and end-chain modification of

antimicrobial peptoids form nanostructure by self-assembly (Hasan et al.,

2020).

4.4 Antimicrobial peptides: Strategy to combat antimicrobial
resistance

AMPs are favored as new alternatives over antibiotics due to the emergence

of antimicrobial resistance (AMR). The excessive use of antibiotics in the

recent past has introduced a global public health challenge. According to a

Centers for Disease Control and Prevention (CDC) report, around 2.8 million

people in the United States develop an antibiotic-resistant infection, and

more than 35,000 people die (Antibiotic resistance threats in the United

States, 2019). O’Neill has produced a similar report on behalf of the UK

government, which predicted that AMR would claim around 10 million lives

Peptide-based Antibiotics Chapter | 4 87



per year by 2050, overshooting the number of people dying from cancer (8.2

million each year) (http://www.amr-review.org). The present statistics on

AMR and currently available treatment options demand more effective

solutions.

The common bacterial targets of antimicrobials are cell walls, cell mem-

branes, ribosomes, and biomolecules like DNA, RNA, and proteins

(Fig. 4.3A). Bacterial species show AMR by surpassing the targeted path-

ways or by modifying the cellular components. The common ways of adapt-

ing AMR include modification of cell wall, cell membrane, target proteins,

activation of efflux pumps, and enzymatic degradation of antimicrobials

[Fig. 4.3B (Abdi, Mirkalantari, & Amirmozafari, 2019)].

AMPs gained more attraction to combat with AMR due to simple compo-

sition, shorter length, ease of synthesis, programmability, and relatively safe

therapeutic usage being natural components of an innate defense system. The

first few antimicrobial agents include lysozyme (Fleming & Wright, 1922)

and gramicidin (Dubos, 1939a, 1939b). There is a constant rise in the num-

ber of AMPs followed, including defensins (Ganz, 2003), cathelicidins

(Zanetti, Gennaro, & Romeo, 1995), cecropins (Steiner, 1982), sarcotoxins

(Okada & Natori, 1985), and dermaseptins (Amiche, Seon, Pierre, &

Nicolas, 1999). Many AMPs are in the different phases of research and clini-

cal trials (Table 4.2), and some are already in the market. FDA-approved

RNA
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Mechanisms of Antimicrobial Resistance (AMR)
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Modification
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FIGURE 4.3 Antimicrobial targets and AMR mechanisms. (A) Common targets of antimi-

crobial agents. (B) Different mechanisms by which bacteria gain resistance to antimicrobials.
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AMPs include nisin (Hansen & Sandine, 1994), gramicidin (Kelkar &

Chattopadhyay, 2007), vancomycin (Andersson, Hughes, & Kubicek-

Sutherland, 2016), etc. (Table 4.3). In addition to this, the nanocarriers of

AMPs are effective against highly virulent ESKAPE pathogens (like

Staphylococcus aureus, Pseudomonas aeruginosa, and Enterobacter spp.)

relevant to nosocomial infections (Mukhopadhyay, Bharath Prasad, Mehta,

& Nayak, 2020).

4.5 Mechanism of action and selectivity of antimicrobial
peptides

The antimicrobial activity and selectivity of AMPs for bacterial membranes

are the consequence of electrostatic and hydrophobic interactions.

Electrostatics plays a significant role in the selective interactions of cationic

AMPs and anionic bacterial membranes. In general, bacterial membranes are

rich in anionic lipids like cardiolipin and phosphatidylserine. They are

TABLE 4.2 Antimicrobial peptides in Phase II or III clinical trials.

Peptide Parent

compound

Medical use Phase

Omiganan Indolicidin Genital warts, seborrheic
dermatitis

II

PAC 113 Histatin Oral candidiasis

1�11 Lactoferricin Bacterial infections and
mycoses

Delmitide
(RDP58)

HLA Inflammatory bowel disease

Lytixar (LTX-109) Synthetic
tripeptide

Atopic dermatitis, skin
infections

Brilacidin Arylamide
oligomer

Oral mucositis

Novexatin
(NP213)

Cyclic peptide Fungal nail infection

OP-145 LL-37 Chronic middle ear infection

D2A21 Synthetic peptide Burns and wound infection III

Pexiganan Magainin Diabetic foot infection

Iseganan (IB-367) Protegrin I Oral mucositis

XMP 629 BPI protein Impetigo
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TABLE 4.3 FDA-approved antimicrobial peptides.

Peptide Indications Activity

spectra

References

Nisin Food preservative Gram-positive
and some
Gram-
negative
bacteria

Hsu et al. (2004)

Dalbavancin Acute bacterial skin
infections

Gram-positive
bacteria

Scott (2015)

Enfuvirtide HIV-1 infection Virus Kitchen, Nuño,
Kitchen, and Krogstad
(2008)

Gramicidin D Skin, eye, and wound
infections

Gram-positive
bacteria

Kessler, Schuhmann,
Morneweg, Linne, and
Marahiel (2004)

Gramicidin S Wound infections and
genital ulcers

Gram-
positive, some
Gram-
negative
bacteria, and
fungi

Prenner, Lewis, and
McElhaney (1999),
Swierstra, Kapoerchan,
Knijnenburg, van
Belkum, and
Overhand (2016)

Daptomycin Skin infections,
endocarditis, and
bacteraemia

Gram-positive
bacteria

Randall, Mariner,
Chopra, and O’Neill
(2013), Straus and
Hancock (2006)

Telaprevir Hepatitis C Virus Matthews and
Lancaster (2012)

Polymyxin B Pneumonia,
meningitis, sepsis, UTI

Gram-
negative
bacteria

Tsubery, Ofek, Cohen,
and Fridkin (2000),
Velkov, Thompson,
Nation, and Li (2010),
Yu, Qin, Lin, Fang,
and Qiu (2015)

Bacitracin Skin, eye, and wound
infections

Gram-positive
bacteria

Ming and Epperson
(2002), Stone and
Strominger (1971)

Colistin Intestinal infections
and cystic fibrosis

Gram-
negative
bacteria

Poirel, Jayol, and
Nordmann (2017)

Vancomycin Skin infections,
meningitis,
bloodstream infections,
endocarditis, bone,
and joint infections.

Gram-positive
bacteria

Alosaimy et al. (2020),
Hawley and Gump
(1973)
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exposed to the outer leaflet of the bacterial membrane, unlike mammalian

cells (Fig. 4.4A).

Also, teichoic acid in Gram-positive bacterial membrane and lipopolysac-

charide in Gram-negative bacterial membrane provides net negative charge

in the outer membranes, respectively (Silhavy, Kahne, & Walker, 2010).

This assists AMPs in selective targeting of bacteria. Also, lipid packing in

bacterial membranes affects the interaction of AMPs and hence, modulates

their bactericidal potency. Few proposed models like a barrel-stave model,

carpet model, toroidal-pore model, aggregated channel model etc., are known

to mediate the action of AMPs through membrane interactions [Fig. 4.4B;

(Yeaman & Yount, 2003)]. In addition to this, few AMPs penetrate into bac-

terial cells and affect biochemical processes like DNA replication, RNA tran-

scription, protein, and cell wall synthesis (Graf & Wilson, 2019; Moravej

et al., 2018). For instance, β-defensins inhibit bacterial growth by inhibiting

protein synthesis and blocking cell wall formation (Aisenbrey, Marquette, &

Bechinger, 2019; Moravej et al., 2018).

4.5.1 Barrel-stave model

According to this model, the barrel-stave pore is formed due to the exact

alignment of facial amphipathicity and hydrophobic distribution of AMPs

with the bilayer(Hazam, Goyal, & Ramakrishnan, 2019; Sharma, Choudhary,

Vashistt, Shrivastava, & Bisht, 2019) In other words, toroidal pores are

formed when peptides attach to the membranes coaxially, leading to the

merging of two hydrophobic regions of AMPs and membrane, respectively.

FIGURE 4.4 Selectivity and mechanism of AMPs. (A) Selectivity of AMPs for bacterial

membranes over mammalian membranes. (B) Representative models of the known mechanism

of action of AMPs. AMPs, Antimicrobial peptides.
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This structural arrangement appears like a hollow cylinder running parallel

to the membrane. During the interaction process, the hydrophilic part of the

peptide forms the interior part of the transmembrane pore.

4.5.2 Carpet model

This model proposed that AMPs scatter parallelly on the membranes upon

interaction, disorienting the stacked lipid molecules of membranes. The

structural arrangement of AMPs looks like a carpet over the membrane.

During the interaction, the disoriented lipid molecules degenerate into small

aggregates disintegrating the membrane, resulting in the membranolytic

activity of AMPs with no pore formation.

4.5.3 Toroidal model

As the name suggests, the formation of a pore-like structure is the key fea-

ture of this model. In this model, each AMP molecule interacts indepen-

dently with the membrane altering the local membrane curvature

cooperatively (Hazam et al., 2019). They initiate inward bending of lipid

molecules leading to the toroid formation, whose inner core is partially

aligned by lipid heads and peptides (Yang, Harroun, Weiss, Ding, & Huang,

2001).

4.5.4 Disordered toroidal-pore model

The difference between the toroid pore and disordered toroidal-pore model is

that the latter one has a hydrophilic inner core due to the polar head groups

of phospholipids. According to this model, phospholipids’ head groups line

the inner lumen of the pore. The peptides with less rigid conformations fol-

low this mechanism.

4.6 Strengths and weakness of antimicrobial peptides

4.6.1 Merits of antimicrobial peptides

AMPs are favored over conventional antibiotics due to their low toxicity,

biocompatibility, and broad-spectrum activity against multidrug resistant

(MDR) species and bacterial biofilms. AMPs like SMAP-29 were effective

against MDR, vancomycin-resistant enterococcos faecium (VREF), and

mutated P. aeruginosa (Skerlavaj, Benincasa, Risso, Zanetti, & Gennaro,

1999). AMPs show synergistic effects when used in combinations of known

antibiotics like penams, nalidixic acid derivatives, and β-lactams (Giacometti

et al., 2005). For instance, B2088 peptide, combined with antibiotics like

chloramphenicol, gentamicin, tobramycin, etc., shows selective bactericidal

activity to P. aeruginosa (Lakshminarayanan et al., 2016). The selectivity of
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AMPs for anionic microbial membranes over neutral mammalian membranes

encourages their design paradigm (Teixeira, Feio, & Bastos, 2012). AMPs

like LL-37, lactoferrin, melamine, citropin, etc., showed broad-spectrum bio-

film inhibiting activity when used synergistically with antibiotics like rifam-

picin and minocycline (Chung & Khanum, 2017).

4.6.2 Limitations of antimicrobial peptides

High production cost, reduced bioavailability, AMR, and proteolytic suscep-

tibility are major limitations for AMP development as therapeutic options.

However, these limitations are addressed by increasing the bioavailability of

AMPs through modifications like terminal capping, N-methylation, cycliza-

tion, stapling, conjugation with large polymers, and fusion with proteins like

albumin. (Di, 2015; Renukuntla, Vadlapudi, Patel, Boddu, & Mitra, 2013;

Zorzi, Middendorp, Wilbs, Deyle, & Heinis, 2017). In addition, reduced

sequestration of AMPs can be achieved by altering the membrane anionic

charge using alanine and lysine residues in AMPs (Epand, Walker, Epand, &

Magarvey, 2016).

4.7 Conclusion

Antimicrobial peptides are promising alternatives as novel antibacterial

agents compared to conventional antibiotics. This is due to their high

programmability, long stability, reduced side effects, and fair biocompatibil-

ity. This chapter discussed the recent advancement in their design using

rational approaches, chemical modifications, and nanotization strategies,

which showed their potential to combat AMR. FDA-approved AMPs and

accelerated clinical trials suggest their translational benefits. Together with

the latest investigations and development of AMPs using interdisciplinary

research, AMP seems like a potent peptide-based antibacterial agent in the

coming decades.
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Peptides are oligomers of amino acids with associated chemical and biologi-

cal functions. These functions are the results of the peptide components such

as the amino acid sequence, peptide conformation, and spatial physicochemi-

cal properties. This chapter will focus on the peptides that can traverse the

cell membrane of mammalian cells. Such peptides are often referred to as

cell-penetrating peptides (CPPs), Trojan peptides, Protein Transduction

Domains (PTDs), etc. The discovery of this class of peptides is attributed to

the identification of an amino acid sequence in the trans-activator protein of

the Human Immunodeficiency Virus (HIV), which is responsible for the pen-

etration of the virus inside host cells.

CPPs are short oligomeric peptides with a chain length of 5�30 amino

acids, which traverse through cell membranes and can deliver a variety of

molecules including proteins, nucleic acids, small molecules, etc. in the cell

(Heitz, Morris, & Divita, 2009). Naturally, given their ability to crossover

biological membranes, CPPs have been extensively studied for their drug

delivery applications. CPPSite 2.0 (a database) has records of over 1800 pep-

tides with cell-penetrative activity (Agrawal et al., 2016). In the last 30 years

or so, CPPs have been used from the basic research to preclinical studies for

treatment of multiple diseases. Most often, the drug delivery applications of

CPPs have been studied in the field of oncology (Feni & Neundorf, 2017).

Following the general conception of understanding the product prior to

“designing” the product, this chapter will focus on the various what’s and

how’s of CPPs for a better understanding of the de novo design of CPPs. The

design of a peptide for the intended purpose of cell penetration requires the
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understanding of what are CPPs; what are their physicochemical properties; how

CPPs work (mechanism); what are the strengths, limitations, and opportunities

available for CPPs; what are their applications and how can we design them.

5.1 Cell-penetrating peptides: a brief history

Membranes are integral components of biological systems, as they help

defining a system’s boundary at the physical, chemical, and biological levels.

An important function of membranes other than defining a system is to regu-

late the transfer of molecules to and from the system and its surroundings.

Cell membranes, therefore, regulate the flow of molecules to and from the

intracellular locale. Cell membranes restrict the transport of molecules to and

from the intracellular locale. The membranes are selectively permeable to

molecules recognized by various cell surface receptors. This barrier acts as

an obstacle for intracellular delivery of various therapeutic molecules. Most

therapeutic molecules (drugs) are chemical moieties with various levels of

hydrophobicity and charge. Majority of these drugs are mimics of a natural

ligand for cell surface receptors, for example, methotrexate is the chemical

mimic of folic acid and recognized by the folate receptors on the cell surface

(Antony, 1992; Jansen, 1999). The uptake of such chemi-mimics is mostly

through receptor-mediated endocytosis (Jansen, 1999). In other cases, they

may require a carrier molecule to cross the cell membranes. The use of car-

riers for drug encapsulation provides a variety of advantages like better

drug solubility, enhanced drug stability, decreased side effects, targeted

delivery, etc. in comparison to the native drug (Gelperina, Kisich, Iseman,

& Heifets, 2005; Sastry, Nyshadham, & Fix, 2000; Singh & Lillard, 2009;

Tiwari et al., 2012).

The discovery of protein transduction properties of HIV TAT protein in

late-eighties contradicted the established impression of the scientific commu-

nity that the cell membrane was impermeable to hydrophilic molecules

(Frankel & Pabo, 1988). Further, a transcription factor of Drosophila mela-

nogaster, Antennapedia homeodomain, was also reported to penetrate live

nerve cells in 1991 (Joliot, Pernelle, Deagostini-Bazin, & Prochiantz, 1991).

Together, the transduction properties of the two proteins presented an excit-

ing opportunity to identify the least amino acid sequence required for cellular

uptake, leading to the discovery of Tat and Penetratin, the first CPPs

(Bechara & Sagan, 2013). In 1997 MPG peptides were designed to transport

nucleic acids, followed by Pep-1 for delivery of peptides and proteins (Kang

et al., 2011; Morris, Depollier, Mery, Heitz, & Divita, 2001; Morris, Vidal,

Chaloin, Heitz, & Divita, 1997). A chimeric peptide derived from the neuro-

peptide galanin (Transportan) was used to transport small peptides and large

proteins as a proof of concept for the in vivo application of CPPs (Pooga,

Hällbrink, Zorko, Uuml, & Langel, 1998). A list of commonly known CPPs

is given in Table 5.1.
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TABLE 5.1 Common cell-penetrating peptides and their sequence.

Name Sequence Source References

TAT
(48�60)

GRKKRRQRRRPPQ Human Immunodeficiency Virus Frankel and Pabo (1988)

Penetratin RQIKIWFQNRRMKWKK Drosophila melanogaster Joliot et al. (1991)

Transportan GWTLNSLKALAALAKKIL Chimeric (galanin and mastoporan) Pooga et al. (1998)

VP22 NAKTRRHERRRKLAIER Herpes Simplex Virus Type 1 Elliott and O’Hare (1997)

MPG GALFLGFLGAAGSTMGA Simian Virus 40 Morris et al. (1997)

Pep-1 KETWWETWWTEWSQPKKKRKV Simian Virus 40 Morris et al. (2001)

pVEC LLIILRRRIRKQAHAHSK Murine Vascular Endothelial-
Cadherin

Elmquist, Lindgren, Bartfai, and Langel (2001)

YTA2 YTAIAWVKAFIRKLRK Phage Library Lindgren et al. (2006)

M918 MVTVLFRRLRIRRACGPPRVRV Human El-Andaloussi, Johansson, Holm, and Langel
(2007)

CADY GLWRALWRLLRSLWRLLWRA Synthetic Morris et al. (2001)



5.2 Classification of cell-penetrating peptides

There is no unified classification for CPP and they are classified on different

basis. The first classification of CPPs was on the basis of their origin (pro-

tein-derived, chimeric, or synthetic). Like Tat and Penetratin, most CPPs

have been identified from different protein sequences. Such CPPs have also

been termed as PTDs and Trojan horses due their functional characterization.

Nona- and octa-arginines were among the first synthetic CPPs reported

(Futaki et al., 2001; Wender et al., 2000).

CPPs, since their discovery have been classified on different basis as

shown in Fig. 5.1.

For the scope of this chapter, we will discuss the classification of CPPs

based on their physical and chemical properties.

5.2.1 Cationic cell-penetrating peptides

The first CPPs reported (TAT and Penetratin) were cationic peptides

(Frankel & Pabo, 1988; Joliot et al., 1991). Based on this criterion synthetic

poly-arginine constructs were tested for their cellular uptake and it was dis-

covered that an octa-arginine is the minimum sequence required for cellular

uptake (Tunnemann et al., 2008; Wender et al., 2000). Lower uptake of

poly-lysine in comparison to poly-arginine suggests that charge alone is not

responsible for cellular uptake (Tunnemann et al., 2008). This could be

explained due to the guanidium group in arginine, which facilitates the for-

mation of hydrogen bonds (Herce, Garcia, & Cardoso, 2014). The uptake of

Penetratin, on the other hand, is diminished by a single W14F mutation, sug-

gesting that hydrophobic interactions also play an important role for cellular

uptake of cationic peptides (Prochiantz, 1996).

FIGURE 5.1 CPP classification. CPPs can be classified on different basis of their origins,

mechanisms of action, physicochemical properties, and cell organelle specificity. CPPs, Cell-

penetrating peptides.
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5.2.2 Amphipathic cell-penetrating peptides

Peptides consisting of specific distribution of polar and nonpolar (hydropho-

bic) residues are termed amphipathic peptides. Amphipathicity can exist in

the amino acid sequence (primary) or the secondary structure (secondary) for

a given peptide (Fig. 5.2).

5.2.2.1 Primary amphipathic

Primary amphipathic peptides, for example, MPG (GLAFLGFLGAAGSTM-

GAWSQPKKKRKV) and Pep-1 (KETWWETWWTEWSQPKKRKV) are chi-

meras of a hydrophobic and hydrophilic (KKRKV) sequences (Morris et al.,

1997; Morris et al., 2001). Here, the KKRKV sequence is a nuclear localizing

sequence, which otherwise has poor cell-penetration capability. WSQP is a

linker for the two CPP chimeras. The hydrophobic part of the sequences

improves the cellular uptake of the nuclear localizing sequence (Oglecka

et al., 2008). Other primary amphipathic of note is pVEC, which was derived

from VE-cadherin (Elmquist et al., 2001).

5.2.2.2 Secondary amphipathic α-helical cell-penetrating
peptides

α-Helical conformation is the most common structural motif reportedly

adopted by amphipathic CPPs (Agrawal et al., 2016). Secondary amphipathic

peptides have distinct regions of hydrophobic and hydrophilic amino acid

clusters along their surface. Helical wheels are an important tool for visualiz-

ing the structural amphipathicity in helical peptides. However, given the

FIGURE 5.2 Amphipathicity in peptides. Amphipathicity in peptides can either exist due to

the distinct regions of hydrophilic and hydrophobic amino acids in the sequence (A) or arrange-

ment of such residues resulting distinct hydrophilic and hydrophobic planes in the secondary

structure of the peptide (B).
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probabilistic nature of an amino acid sequence adopting a helical conforma-

tion, a helical wheel may not always hold true in depicting the structural

amphipathicity of peptides. The importance of amphipathicity for membrane

transduction was established through studies on the model amphipathic pep-

tide, MAP (KLALKLALKALKAALKLA) (Oehlke et al., 1998). The substi-

tution of lysine residues with glutamine brings the overall charge of the

peptide to zero but conserves its amphipathicity. The mutant MAP peptide

was also cell penetrating, thereby affirming the significance of amphipathi-

city on cell penetration (Oehlke et al., 1999; Wolf et al., 2006). Even though

many CPPs reported to date are amphipathic, it is not necessary for all

amphipathic peptides to be CPPs. This has been illustrated through single

point mutations of transportan and MAP peptides, which severely affected

the uptake of these peptides (Soomets et al., 2000; Wolf et al., 2006).

5.3 Mechanism of uptake

The exact mechanism(s) of uptake for CPPs vary with peptide sequence and

composition (Guidotti, Brambilla, & Rossi, 2017; Guo, Peng, Kang, & Sun,

2016; Kauffman, Fuselier, He, & Wimley, 2015; Richard et al., 2003). The

choice of mechanism is further dependent on the physicochemical properties

of the cargo to be delivered like size, hydrophobicity, charge, etc. However,

multiple mechanisms of uptake for CPP are suggested in existing literature

(Guidotti et al., 2017; Guo et al., 2016; Kauffman et al., 2015; Richard et al.,

2003). The understanding of mechanism of penetration is paramount when

considering the intracellular interactions and localization of CPPs for cargo

delivery applications. The fate of a CPP is dependent on the uptake mecha-

nism it follows; for example, if a CPP enters the cell through direct penetra-

tion, it is highly probable that it may be able to deliver the cargo directly to

the cytosol and then finally to other intracellular compartments. On the other

hand, a CPP entering the cell through endocytosis is more likely to be

degraded in a late endosome or lysosome and may not be able to deliver the

cargo to another intended target, unless it escapes the endosome/lysosome.

Therefore the choice of CPP for delivering cargoes is highly dependent on

the proposed mechanism of delivery to be followed. Majority of CPPs adopt

multiple pathways of internalization simultaneously (Patel, Zaro, & Shen,

2007), which presents itself as both an advantage and a disadvantage. The

advantage is that a single CPP can be used for delivering cargoes to multiple

locations within the cells. The disadvantage is that the cargo is also distrib-

uted to other nonintended organelles, thereby decreasing the overall delivery

efficiency.

The cellular entry of a CPP can be categorized into the following steps:

(1) Interaction with cell surface, (2) crossing the cell membrane, (3) intracel-

lular interactions and localizations, and (4) intracellular degradation.

110 De Novo Peptide Design



5.3.1 Interaction with cell surface

The first contact between a CPP and the cell surface is the initiation step for

cell penetration. The CPP can interact with either the proteoglycans at the

cell surface, extracellular receptors, or the membrane phospholipids. The

driving force for such biological contacts is generally attributed to electro-

static interactions.

5.3.1.1 Role of proteoglycans

Glycosaminoglycans (GAGs) like heparin sulfate, chondroitin sulfate, sialic

acid, etc. are negatively charged and omnipresent on cell membranes. Cationic

CPPs bind to these GAGs, which leads to activation of small GTPase RhoA

and/or GTPase Rac1 and actin network remodeling [105.88]. This leads to an

increase in membrane fluidity (Conner & Schmid, 2003; Eitzen, 2003) and

finally the engulfment of the peptide through endocytosis. The process is similar

to the uptake of other cationic molecules by the cell like poly-lysines (Frankel

& Pabo, 1988; Green & Loewenstein, 1988; Ryser & Shen, 1978; Shen &

Ryser, 1978). The proteoglycan2CPP interaction is the primary step of cellular

entry for majority of peptides with L-isoforms and poly-D-isoforms of amino

acids. The D-isoform amino acid�containing sequences are suggested to

employ other modes of first contact (Verdurmen et al., 2011).

5.3.1.2 Role of cellular receptors

Many cellular receptors are involved in the binding of natural ligands, induc-

ing cascades of associated pathways and ligand ingestion. Similarly, peptides

bind to the extracellular domain of the membrane-bound receptors, leading

to their ingestion. The most commonly used motif for tumor homing and

penetration, RGD, binds to the interleukin receptor, which activates the

receptor-mediated uptake, leading to peptide intake (Aoki, Hosaka, Kawa, &

Kiyosawa, 2001; Arap, Pasqualini, & Ruoslahti, 1998; Pasqualini, Koivunen,

& Ruoslahti, 1997; Ruoslahti, 2000).

5.3.1.3 Interaction with membrane phospholipids

Plasma membranes of cells are composed of lipid bilayers, consisting of

zwitterionic and negatively charged phospholipids. The composition of

negatively charged lipids, Palmitoyloleoylphosphatidylglycerol and POPS

(Palmitoyloleoylphosphatidylserine) is higher in bacterial cells (50%) than

mammalian cells (10%) (Copolovici, Langel, Eriste, & Langel, 2014;

Fleming, Maharaj, Chen, Nelson, & Elmore, 2008; Klahn & Zacharias,

2013). The distribution of negatively charged lipids is asymmetrical between

the two layers of the plasma membrane in mammalian cells, with a higher

concentration in the cytosolic part of the bilayer (Klahn & Zacharias, 2013).

This asymmetric distribution of anionic lipids in mammalian cells is highly
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regulated and known to fail during disease conditions like cancer. This loss

of regulation in cancer cells brings out a higher concentration of POPS in the

outer layer, thereby making the cell surface more negatively charged and

reduces the membrane potential (Klahn & Zacharias, 2013). The reduction in

membrane potential acts as the driving force for higher accumulation of cat-

ionic CPPs on the cancer cell surface than in normal cells. As seen in the

case of Antimicrobial Peptides (AMPs), cationic CPPs interact with these

negatively charged phospholipids (Hazam, Jerath, Kumar, Chaudhary, &

Ramakrishnan, 2017). Therefore the relative cationic charge and hydropho-

bicity of CPPs, just like AMPs, play an important role in their membrane

activity and hints for their cancer-targeting ability.

The cationic amino acid residues in CPPs attract the negatively charged

headgroups of anionic lipids, establishing strong electrostatic contacts. This

further leads to the formation of a dent on the membrane surface, leading to

the internalization of CPPs. The detailed models of membrane-based penetra-

tion are discussed in the following sections.

5.3.2 Cellular internalization of cell-penetrating peptides

Most of the reported CPPs enter the cells through either endocytosis or direct

penetration or a mix of both (Guidotti et al., 2017; Guo et al., 2016; Kauffman

et al., 2015; Richard et al., 2003). The choice of pathway for internalization of

CPPs is dependent on the type of their cell surface interactions. The peptides

interacting with proteoglycans or receptors follow the endocytosis route of entry.

On the other hand, peptides interacting with the membrane lipids tend to pene-

trate through either micropinocytosis (a form of endocytosis) or various models

of direct penetration. CPPs can adopt multiple pathways of cellular entry simul-

taneously, which are dependent on multiple factors like, temperature, pH, cargo

size (Guidotti et al., 2017; Guo et al., 2016; Kauffman et al., 2015; Richard

et al., 2003), CPP structure, and others. Almost all CPPs partially penetrate cells

through membrane-based mechanisms with higher dependency on endocytic

routes of entry. As per status quo, the most prevalent form of cellular uptake for

CPPs is endocytosis. The studies relating to the characterization of the cellular

entry pathway are based mostly on the inhibition of certain mechanisms pertain-

ing to endocytosis (Copolovici et al., 2014). Though these studies provide

immense insights into the possible pathway(s) of entry, they discount the possi-

ble up-regulation of another pathway of entry due to the down-regulation of

another. Various modes of endocytosis and direct penetration reported for CPPs

(Fig. 5.3) to date have been explained in the following subsections.

5.3.2.1 Endocytosis

Endocytosis is the collective term for all energy-dependent cellular uptake

processes, characterized by vesicle formation (Copolovici et al., 2014;

112 De Novo Peptide Design



Kauffman et al., 2015). It can be broadly classified as phagocytosis and pino-

cytosis. Phagocytosis is majorly limited to specialized cells (macrophages

and leukocytes). Pinocytosis occurs in all cell types and can further be sub-

classified into receptor-mediated and nonreceptor-mediated endocytosis.

Receptor-mediated endocytosis is either clathrin- or caveolin-mediated, while

nonreceptor-mediated are clathrin and caveolin-independent endocytosis and

macropinocytosis. The choice of clathrin/caveolin-mediated and independent

mechanisms is dependent on the size of a molecule (Fittipaldi et al., 2003).

Vesicles formed from clathrin-mediated mechanisms are roughly 120 nm in

diameter, from caveolin mediation are 70�80 nm, clathrin/caveolin-indepen-

dent mechanism vesicles are B90 nm, and macropinocytosis formed vesicles

are 1�5 µM. Therefore the choice of cargo is an important attribute for the

choice of endocytic entry.

CPPs binding to proteoglycans can enter the cells during the recycling of

proteoglycans, which is a continuous process or via clustering of proteoglycans,

which initiates endocytosis through activation of intracellular pathways and actin

remodeling. The clathrin- and caveolin-mediated pathways are also involved in

the cellular uptake of peptides bound to other cellular receptors as well.

Another major form of endocytosis prevalent for cellular uptake of

CPPs is macropinocytosis (Komin, Russell, Hristova, & Searson, 2017).

Macropinocytosis differs from other forms of endocytosis in terms of the

size of vesicles formed (macropinosomes) and the ruffling of membrane.

The plasma membrane of cells is not a smooth surface; rather it is ubiqui-

tous with dents (pits) and outward protrusions. Macropinosomes are

formed due to the collapse of such membrane ruffles, which are actin-rich

protrusions of the cell surface. The size of macropinosomes is three order

of magnitude more than other endocytic vesicles and thus the choice of

FIGURE 5.3 Mechanism of cellular internalization. CPPs enter cells through either of the

two paths, direct penetration through the cell membrane or through endocytosis. The fate of the

peptide is highly dependent on the path of uptake. CPPs, Cell-penetrating peptides.
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uptake process for relatively large protein structures and other cargoes.

Liposomes coated with high concentrations of oligoarginines have been

demonstrated to penetrate cells through macropinocytosis (Kaplan,

Wadia, & Dowdy, 2005; Wadia, Stan, & Dowdy, 2004). In addition to the

big molecules like proteins and liposomes, macropinocytosis is also a

mode of cell penetration for the Tat peptide (without cargo).

5.3.2.2 Direct penetration

Peptides interacting with membrane phospholipids follow the direct penetra-

tion mode of entry. Direct penetration through plasma membrane is an

energy and temperature-independent mechanism of uptake (Reissmann,

2014; Ye et al., 2016). Interestingly, it was the first reported mechanism of

entry for CPPs but was disregarded as an artifact arising from cell fixation

(Richard et al., 2003). Thereafter, all studies on the uptake mechanisms of

CPPs are carried out on live cells. The membrane-based uptake mechanism

of CPPs is quite similar to that of AMPs, owing to similar characteristics of

the two classes of membrane-active peptides. The membrane interaction of

these peptides is foremost dependent on the spatial electrostatic potential dis-

tribution on their surface, which is complemented by the anionic lipids on

membrane surface. Multiple models of direct penetration have been theorized

for both CPPs and AMPs (Jobin & Alves, 2014).

Carpet-like model, as the name suggests, involves the lateral positioning of

the cationic residues of peptides over the negatively charged phospholipids on

the outer membrane. The accumulation of negative charge at surface and at

threshold concentration of peptides, the peptides rotate about their principal

axis, leading to phospholipid redirection. This leads to the interaction of the

hydrophobic residues in peptide sequences with hydrophobic tails of the phos-

pholipids and finally cell penetration in a manner similar to a detergent-like

effect (Raucher & Ryu, 2015; Shin et al., 2014; Ye et al., 2016).

The inverted micelle model has been proposed following the findings of

Alain Prochiantz’s group, using Nuclear Magnetic Resonance imaging for the

penetration of phospholipid membranes by Penetratin (Derossi et al., 1996).

This model is useful in explaining the uptake of amphipathic CPPs but not

others like oligoarginines, which do not contain any hydrophobic residues

(Alves et al., 2008). The primary step of this model differs from that of the

carpet-like model in the nonparallel positioning of the peptides on the cell sur-

face. The interaction of cationic peptide residues and anionic lipid headgroups

leads to the formation of a micelle through the invagination of the membrane.

The micelle then opens toward the cytosolic end of the membrane, thereby caus-

ing membrane permeation (Joanne et al., 2009; Kawamoto et al., 2011).

Barrel stave model is one of the two pore-formation models proposed for

CPP entry (Guidotti et al., 2017; Jarver, Mager, & Langel, 2010; Lopez-Meza

& Ochoa-Zarzosa, 2015). The peptides align perpendicular to bilayer plane,
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insert, associate and, as a result of peptide amphipathicity, form a pore. It can

be best understood as a drilling process arising from a mix of electrostatic inter-

actions at the membrane surface and the hydrophobic interactions with the

bilayer core. This model is similar to the mechanism of action proposed for the

antibacterial peptide, Gramicidin (Pomès & Roux, 2002). However, Gramicidin

requires two end-to-end stacked monomers, for forming a water channel and

relates to the toxicity of the peptide. In case of CPPs, the pore results from a

cumulative barrel-like positioning of individual peptide units in parallel.

The Toroidal pore-formation model deviates from the barrel stave model

in the relative positioning of peptides in the pore formed (Bechara & Sagan,

2013). Instead of parallel positioning of peptide molecules, the peptides

induce a membrane curvature local to the site of pore formed. This leads to

a continuity of the outer and inner layers, such that, the two layers are indis-

tinguishable at the site of the pore. However, the pore�formation models

discussed are highly dependent on the helical structure of the peptides and

their amphipathicity, in summary, their spatial electrostatic distributions.

Adaptive penetration model is among the most recently proposed models for

cell penetration (Rothbard, Jessop, Lewis, Murray, & Wender, 2004; Wender,

Galliher, Goun, Jones, & Pillow, 2008). Identical to all the models discussed

earlier, it relies on the electrostatic interactions of positively charged amino

acids with anionic lipid head groups. However, it is only applicable to guani-

dium group containing CPPs, that is, arginine-containing CPPs. The guanidium

group of arginine forms bidentate hydrogen bonds with lipid head groups, lead-

ing to peptide charge neutralization or inversion, which is dependent upon the

counterion present. This results in the phase transition of CPP from hydrophilic

to more lipophilic solvability and its further insertion into the bilayer. The pres-

ence of different counterions on the cytosolic end of the bilayer reinstates the

original physical properties of the peptide, leading to its release into the cytosol.

The diffusion of the peptides across the bilayer is a function of membrane

potential and requires a net positive charge for a CPP. The partition constant for

peptides is defined as the ratio of concentrations of peptide in lipid and aqueous

phases. The partition constant is indicative of the membrane disruption effi-

ciency of AMPs but no studies have been reported on correlating it with mem-

brane permeation efficiency of CPPs yet.

5.3.3 Cellular localization

The intracellular localization of CPPs is highly dependent on the pathway(s)

of cell penetration, which are further dependent on the type of peptide2 cell

surface binding interactions. As illustrated in Fig. 5.3, peptides entering the

cell through either of the endocytic pathways are primarily confined to vesi-

cles, thereby primarily localizing in the endosomes/macropinosomes.

The next barrier for such peptide molecules is to escape the vesicles for

intracellular delivery of cargo to other cell organelles. Therefore endosomal
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escaping ability is a vital attribute for any CPP to be considered as a drug

delivery vector, unless it is required to deliver the cargo to endosomes or

lysosomes. After endosomal escape, the peptide localizes to the cytosol and/

or further to other cellular organelles.

On the other hand, CPPs entering cells through direct translocation local-

ize to the cytosol first and thereafter can localize to other organelles, includ-

ing endosomes. Moreover, a CPP can also localize to multiple cell

compartments. Though favorable in many situations, the peptide concentra-

tion distribution decreases its bioavailability to a specific organelle for

effecting a cargo function, leading to higher dose requirements. However, a

few CPPs in literature are reported to target mitochondria for site-directed

delivery (Horton, Stewart, Fonseca, Guo, & Kelley, 2008).

5.3.4 Transcellular transport and degradation

Premature degradation of CPPs hinder their applicability as drug delivery

vectors; however, it is also required that the vector can be metabolized and

excreted from the system. There are major barriers where a CPP may be

degraded within an in vivo system. However, in the confines of mechanism

of penetration, only intracellular degradation is discussed in this section.

Major degradation of peptides inside cells is either in lysosomes or in cyto-

sol. In the event that a CPP is unable to escape endosomes after penetration,

it will encounter the lysosomal proteolytic degradation pathways. Lysosomal

proteases comprise of more than 40 lytic enzymes.

The cytosol also comprises of numerous proteases and acts as a natural

proteolytic site for cytosol localizing peptides. The ubiquitin�proteasome

degradation pathway, 26S proteasome-mediated degradation, and cytosolic

tripeptidases are among the most well-documented degradation pathways in

cytosol. The presence of D-amino acids has been reported to protect the CPP

from premature proteolytic cleavage; however, a protein cargo would effec-

tively be prone to such degradation too. Therefore the degradation or stabil-

ity of CPP in cytosol is of lesser relevance when transporting a protein-based

cargo (Komin et al., 2017).

Though CPPs can be degraded in both lysosomes and cytosol, the ability

of escaping endosomes is more vital than stability in cytosol, for effective

transport, unless the site intended is lysosomes, as discussed earlier.

The penetration of cell by CPPs also opens the debate as to whether the

CPPs can permeate to outside the cell too. The Tat protein is known to be

released from HIV-infected cells to other noninfected cells. Therefore it is

understandable that other CPPs may as well have such a property of transcel-

lular transport. The applications of such a property possessing CPPs can be

multifold ranging from blood�brain barrier, epithelial barrier (skin, intestine,

pulmonary) to 3D tumor penetration.
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5.4 Strengths, limitations, and opportunities

The use of peptides as drug delivery vectors offers its own sets of advantages

and disadvantages as advocated through various reports (Fig. 5.4). Given

their biological nature, peptides are comparatively safer and more tolerable

for biological systems than chemi-mimics. Peptides can be designed for

higher selectivity, efficacy, and potency. The metabolism of peptides is more

predictable than other chemical moieties. Moreover, peptides can be synthe-

sized through standard synthetic protocols and can be conjugated with any

molecule of interest through simple chemical reactions. However, peptides

may sometimes require modifications due to poor chemical and physical sta-

bility in biological fluids, which may otherwise hinder their use for clinical

applications. Most peptides have short plasma life leading to premature deg-

radation in blood and, thus, fast elimination. Further, the mode of administra-

tion for peptides is presently limited to intravenous routes. Many reports

have described alternate modes for administration but the consensus is the

same (Fosgerau & Hoffmann, 2015).

The weaknesses of peptide-based drug delivery vectors provide new avenues

and opportunities for the development of novel peptide sequences to address

these issues. Using the 20 naturally occurring peptides as a set of variables in a

peptide sequence of sequence length 10�15, which is the length of most CPPs,

a total of 2010�2015 combinations (sequences) are possible. This signifies the

vast sequence universe available for designing peptides with tailored features.

The use of unnatural amino acids as described by Kumar et al. can increase this

available sequence universe by twofolds (Kumar & Ramakrishnan, 2010).

Further, the conjugation of peptides with different therapeutic molecules

increases the number of sequential combinations available for peptide design.

FIGURE 5.4 SWOT analysis of peptide therapeutics. The Strengths, Weaknesses,

Opportunities, and Threats for the use of peptides in development of novel therapies are shown.
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Moreover, peptides with multiple features can also be designed, for example,

many AMPs share similar properties with CPPs. Overall, in the given purview,

peptides do offer a great potential for development of future therapies and thera-

peutics (Fosgerau & Hoffmann, 2015).

5.5 Cell-type specificity: to be or not to be

CPPs can deliver a variety of cargoes including small molecules, proteins,

nucleic acids, etc. inside any cell type (Gupta, Levchenko, & Torchilin,

2005; Milletti, 2012; Temsamani & Vidal, 2004). This property makes them

highly efficient in an in vitro system. However, the same property of CPP to

deliver cargoes to other normal tissues in an in vivo system hinders their

clinical applications (Huang et al., 2013; Koren & Torchilin, 2012; Shi, Qi,

Xiang, & Zhang, 2014). In case of an antineoplasic cargo, the peptides can

cause systemic toxicity, which in lower levels may well be acceptable but

beyond a threshold may cause severe side effects (Huang et al., 2013; Koren

& Torchilin, 2012; Shi et al., 2014). The positive charge, a common feature

of most CPPs, though advantageous for cell penetration may lead to drug

delivery inefficacy due to interactions with negatively charged serum pro-

teins, resulting in their premature degradation in blood (Buyens et al., 2012).

Some research groups have demonstrated that some CPPs can selectively

permeate cancer cells instead of noncancerous or normal cells (Bechara et al.,

2013; Farkhani et al., 2014; Nakase, Takeuchi, Tanaka, & Futaki, 2008; Papo

et al., 2006; Schröder-Borm, Bakalova, & Andrä, 2005). This could be partly

due to the differences in membrane composition of normal and cancer cells

(Jobin & Alves, 2014). Cancer cells have more numbers of GAGs and anionic

phosphatidylserine on their surface than normal cells, which attract more cat-

ionic CPPs than normal cells (Åmand et al., 2012; Jobin & Alves, 2014; Ziegler

& Seelig, 2011). Jobin et al. have previously demonstrated that the RW16 pep-

tide derived from penetratin interacts more with anionic liposomes than zwitter-

ionic ones (Jobin et al., 2013). Further, tumor cells express higher levels of

different receptors, which can be utilized for “tumor homing” applications

(Jobin & Alves, 2014). Apart from the membrane-based differences between

cancer and healthy cells, the tumor macroenvironment factors like angiogenesis,

hypoxia, and inflammation can also be used for differentiating between cancer

and healthy cells (Danhier, Feron, & Préat, 2010; Quail & Joyce, 2013).

Therefore in the purview of anticancer therapies and targeted delivery, a CPP

should have some form of cell type specificity.

5.6 Cell-penetrating peptides for anticancer drug delivery

Cancer is an epigenetic disease characterized by unregulated cell prolifera-

tion and a major cause of death worldwide (Farkhani et al., 2014; Hanahan,

& Weinberg, 2000, 2011; Pavlova & Thompson, 2016; Pietras & Östman,
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2010). Present chemotherapeutic strategies are synonymous with the term “a

Pyrrhic victory” due to a variety of side effects. Further, the drugs sometimes

are unable to penetrate the vasculature of cancer cells leading to inaction.

The delivery of anticancer drugs through CPPs offers avenues for targeted

delivery of drug molecules to intended site, increasing drug efficacy and

reducing side effects (Ruoslahti, 2017). Multiple reports in literature describe

the use of peptides for cancer therapy. Some of these findings are discussed

in the following sections.

5.6.1 Cell-penetrating peptides for targeted delivery

The heterogeneity of cancer and healthy cells discussed in the previous sec-

tion provides avenues for targeted delivery exploiting these differences in

cell types. Peptides reported for cancer-specific targeting can further be clas-

sified as (1) Homing Peptides (HP), (2) CPPs with homing domains, and (3)

Cell-penetrating and Tumor Homing peptides (CPTHP) (Svensen, Walton, &

Bradley, 2012). HP do not penetrate cells and deliver the cargo to the sur-

face. HP conjugated with a CPP can penetrate cell membranes for intracellu-

lar drug delivery. CPTHP peptides are peptides that selectively penetrate

tumor cells without an externally conjugated homing domain.

5.6.2 Delivery of anticancer drugs using cell-penetrating peptides

Conjugation of taxol (Dubikovskaya, Thorne, Pillow, Contag, & Wender, 2008),

methotrexate (MTX) (Lindgren et al., 2006), doxorubicin (Dox) (Aroui, Brahim,

De Waard, Breard, & Kenani, 2009; Dawidczyk, Russell, & Searson, 2015) to

CPPs reportedly increase their membrane permeability. The linking of taxol to

octa-arginine through disulfide linkers increases its solubility in aqueous systems

and pharmacokinetics. The delivery of MTX and Dox has shown to increase the

cytotoxicity of the drugs and overcome multidrug resistance (Jerath, Goyal,

Trivedi, Santhoshkumar, & Ramakrishnan, 2019; Jerath, Goyal, Trivedi,

Santhoshkumar, & Ramakrishnan, 2020). In addition, CPPs have also been used

to deliver nucleotides and therapeutic proteins to cancer cells. A detailed

account of the same is beyond the scope of this study and can be found in the

following reference (Borrelli, Tornesello, Tornesello, & Buonaguro, 2018).

5.7 Cell-penetrating peptide prediction

Predicting the cell-penetrative capability of a given amino acid sequence is a

tedious task, which is further complicated by the fact that the exact mechanism of

CPP uptake is still debatable (Copolovici et al., 2014). As discussed in the previous

section, endocytosis is the major contributor for cellular uptake of CPPs conjugated

with a cargo; membrane transduction has also been indicated to be the choice of

pathway adopted by specific peptides (Ezzat et al., 2012; Guterstam et al., 2009;

Cell-penetrating peptides Chapter | 5 119



Rangel et al., 2012; Rydström, Deshayes, Konate, Crombez, & Padari, 2011).

Further, more challenging is the question as to what is more critical for the pene-

trative action of an amino acid sequence. Is it the properties of the peptide or the

membrane potential or the membrane composition or a combination of all or

none? Given that CPPs penetrate plant, yeast, and bacterial cells in addition to

mammalian cells, one may assume that the properties of the peptide sequence is

more important (Good, Awasthi, Dryselius, Larsson, & Nielsen, 2001; Holm,

Netzereab, Hansen, Langel, & Hällbrink, 2005; Mäe et al., 2005; Nekhotiaeva,

Awasthi, Nielsen, & Good, 2004; Nekhotiaeva, Elmquist, et al., 2004).

The elucidation of properties of peptides responsible for cell penetration

is no less than a Gordian knot. Majority of CPPs are cationic, which can be

attributed to arginine, lysine, or histidine. As discussed in section 5.2, argi-

nine residues contribute more toward the cellular uptake of CPPs than lysine

residues. This may be due to the two hydrogen bond donor groups available

in the guanidium group of arginine against a single hydrogen bond donor

provided by the amino side-chain group in lysine. Further, the hydrophobic-

ity and its distribution (sequential and structural) can affect the uptake of

CPPs. The maintenance of structural amphipathicity in various solvents and

buffers is rarely replicated under physiological conditions. The poly-L-amino

acid sequences exist as an ensemble of disordered structures in solutions and

may or may not reconform to helical or sheeted structures as intended in the

design of their sequence (Medina et al., 2016). The length of the peptide is

also an important factor. CPPs reported in literature vary in sequence length

of 5�30 amino acid residues and in the absence of a smaller range of peptide

length critical for cell penetration, it is almost impossible to identify a cell-

penetrating sequence from a peptide sequence library (Agrawal et al., 2016).

However, despite the roadblocks mentioned earlier, it may still be possible

to predict the cell-penetrative capability of an amino acid sequence. One

mode of prediction is heuristic approach also regarded as “an educated

guess” and the other is a completely predictive approach, which relies on a

variety of physicochemical properties of peptides (descriptors).

The heuristic approach is responsible for the majority of CPPs reported in

literature. It is majorly based on a mechanistic sequence-activity relationship

study, which includes the identification of a cationic fragment augmented by

hydrophobic residues in a protein sequence. The method is laborious and

time-intensive given that it requires the synthesis, characterization, and test-

ing of multiple overlapping sequences. However, a number of guidelines are

available for identifying a cell-penetrating sequence. These include:

1. Cationic residues are preferred and anionic residues are suggestively

avoided, even when the sequence possesses more positive residues.

2. Sequences with more arginine are preferred over lysine-rich sequences.

3. Helical wheel plotting is required to check for possible structural amphi-

pathicity in the given sequence.
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4. Shorter peptides are preferred over longer sequences (. 20) due to ease

of synthesis and purification.

5. Highly hydrophobic sequences should be avoided due to poor water solu-

bility, which may complicate the use of the peptide.

The predictive approach relies on a set of peptidic properties (descriptors).

The use of Sandberg’s z-descriptors has been demonstrated to predict CPPs

from protein sequences; however, it does not take into account the amino acid

sequence but only the composition (Hansen, Kilk, & Langel, 2008; Lindgren &

Langel, 2011; Sandberg, Eriksson, Jonsson, Sjöström, & Wold, 1998). Another

approach is the use of support vector machines. Different groups have reported

the use of support vector machines (A Dobchev et al., 2010; Sanders, Johnston,

Bridges, Burgess, & Willeford, 2011; Suhorutsenko, Eriste, Copolovici, &

Langel, 2012; Yamada et al., 2013). Among these, a noteworthy effort is the

availability of a support vector machine based web-server, CELLPDD

(Gautam, Chaudhary, Kumar, & Raghava, 2015).

5.8 Designing cell-penetrating peptides

In terms of protein folding, CPPs with a poly-L backbone can adopt

α-helical, β-sheet, or disordered conformations in solution. The disordered

CPPs can reconform to either of the two secondary structures. In this section,

we will discuss the different avenues available for the design of novel pep-

tides with cell-penetrative activity based on amino acid sequence and struc-

tural parameters.

5.8.1 Amino acid sequence

Proteins and peptides are polymers of different amino acid monomers. Each

amino acid monomer consists of a main chain composed of backbone atoms

(N, C-α, C, and O) and a variable side-chain. The spatial orientation of the

different side-chain array combinations provides uniqueness to each peptide

molecule, which is responsible for its function (Jerath, Hazam, &

Ramakrishnan, 2014; Jerath, Hazam, Shekhar, & Ramakrishnan, 2016). In

the following subsections, we will discuss the effects of various amino acid

properties on cell penetration.

5.8.1.1 Chirality

Most CPPs derived from natural proteins are composed of L-amino acids

(Agrawal et al., 2016). This makes them more susceptible to proteolytic deg-

radation, which may lead to their inaction in an in vivo system. The use of

D-stereoisomers increases the stability of peptides against proteolytic cleav-

age (Pujals, Sabido, Tarrago, & Giralt, 2007). Poly-D peptides have more

stability but often have lower cellular uptake than the poly-L sequences
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(Pujals et al., 2007; Verdurmen et al., 2011; Yamada, Signorelli, Cannistraro,

Beattie, & Bizzarri, 2015). The internalization efficiency of peptides is also

reported to be affected by the number of D-amino acids in a sequence (Ma

et al., 2012; Yamada et al., 2015). Multiple substitutions of L-amino acids to D-

amino acids can alter the α-helix to β-sheet ratio of CPPs, thereby affecting

their cellular uptake (Yamada et al., 2015). Interestingly, the use of D-Pro to

conform the disordered structure of a CPP provided proteolytic stability and a

nonendosomal pathway of uptake (Medina et al., 2016). The contribution of chi-

rality toward cell penetration remains unclear in the absence of a detailed study.

5.8.1.2 Cationic charge

Cationic charged residues are known to promote cell penetration of CPPs

(Futaki et al., 2001; Liu et al., 2016; Takayama et al., 2009). The first CPP,

TAT, contains 11 cationic residues (Frankel & Pabo, 1988; Joliot et al.,

1991). Poly-arginines were among the first synthetic CPPs due to their catio-

nicity and the ability of guanidium groups to form bidentate hydrogen bonds,

critical for membrane permeation (Futaki et al., 2001). However, the length

of sequence, position, and number of arginines in sequence affect their cellu-

lar uptake (Kawaguchi et al., 2016; Mishra et al., 2011). Kelley and cowor-

kers demonstrated an interesting example of designing cationic CPPs

(Horton et al., 2008). The designed peptides were imparted with positive

charge through arginine and lysine along with a lipophilic character, which

is due to the presence of phenylalanine and cyclohexylalanine. The combina-

tion of these two characters gave the peptides the ability to selectively pene-

trate the mitochondria (Horton et al., 2008).

5.8.1.3 Hydrophobicity and aromaticity

Hydrophobicity in peptide sequences can be accomplished by the use of ali-

phatic and aromatic amino acids. Aromatic amino acids are more hydrophobic

and possess favorable free energy of interaction with the lipid bilayer. Aromatic

rings can form П2П stack with membrane proteins and may contribute to sta-

bilization/promotion of CPPs with membranes (deRonde, Birke, & Tew, 2015).

The uses of polymeric aromatic groups as peptide modifications have been

reported to increase the uptake of poly-arginines (Perret et al., 2005).

5.8.2 Secondary structure folding and its effects on cellular uptake

Two interconnected parameters should be considered to study the effect of

peptide folding on cellular uptake: first, the affinity of the CPP for mem-

branes and second, the folding capacity of proteins in presence of mem-

branes. Electrostatic forces, hydrophobic interactions, and hydrogen bonding

characterize the membrane2CPP interaction. Most CPPs adopt α-helical

conformations upon membrane interaction, which provides a template for the
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interplay of different interaction forces (Kalafatovic & Giralt, 2017).

Therefore constricting the geometry of a known CPP to a helical conforma-

tion may provide the ideal structural template for redesign of novel CPPs

with tailored structural amphipathicity, which in turn may help increase their

cellular uptake.

Ramakrishnan and colleagues have previously described the role of syndio-

tactic backbone on the conformational locking of peptidic structures (Goyal

et al., 2021; Goyal, Jerath, Chandrasekharan, Kumar, & Ramakrishnan, 2020;

Hazam, Akhil, Jerath, Saikia, & Ramakrishnan, 2019; Hazam, Jerath,

Chaudhary, & Ramakrishnan, 2018; Hazam, Jerath, Kumar, Chaudhary, &

Ramakrishnan, 2017; Jerath, Goyal, Trivedi, Santhoshkumar, & Ramakrishnan,

2019, 2020; Ramakrishnan, Ranbhor, Kumar, & Durani, 2006). Syndiotactic

peptides are capable of forming a П(L,D) helix, which is thermodynamically

more stable than the α-helix. Further, the use of unnatural amino acids can help

in conforming the peptide structure in a stable configuration (Ramakrishnan

et al., 2006; Urry, 1971). Together, these design inputs available in literature

along with other specific methods in literature can be exploited for the design of

novel peptides with cell-penetrative ability.

5.9 Conclusion

In the present chapter, we discussed the use of peptide-based drug delivery vec-

tors for transporting different cargoes inside the cell. The use of peptides as

drug delivery agents presents its own set of pros and cons. The peptides termed

as PTDs, Trojan horse, and CPPs have the ability to traverse live cell mem-

branes. The classification of CPPs on the basis of their physicochemical proper-

ties provides important insights into their mechanism of action (cellular uptake).

The fate of peptides inside the cell is dependent on the path of cellular uptake.

Moreover, we learnt from different reports in literature that cell-type specificity

is required for the targeted delivery of anticancer agents inside the cell for future

in vivo applications. This may be achieved by the inclusion of a homing domain

with the cell-penetrating domain of the designed peptides. Alternately, some

peptides possess the dualistic nature of CPP and HP. The design of CPPs based

on various sequence and structural parameters offers new directions for the de

novo design of novel CPPs with tailored features and functions.
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6.1 Introduction to molecular self-assembly

Molecular self-assembly is central to life. In biological systems, simpler

building blocks associate themselves in solution through molecular recogni-

tion and self-assembly to give rise to rather complex structures. For example,

the self-assembly of lipid molecules in water to give rise to a lipid bilayer is

perhaps one of the most well-known examples of self-assembly in biology

(Fig. 6.1). The amphipathic nature of the phospholipids causes the hydropho-

bic tail to be shielded from the water inside the hydrophobic core, whereas

FIGURE 6.1 A diagrammatic representation depicting self-assembly of soap molecules form-

ing the bubbles (top) and phospholipid molecules forming bilayer and micelles (bottom).
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the hydrophilic polar headgroup is exposed to the aqueous environment

(Schnur, 1993; Spector et al., 1996).

Other examples include assembly of nucleic acids through H-bonding

and stacking interactions between the nitrogenous bases, the self-assembly of

single protein/glycoprotein in the S-layers in bacterial cell surface (all

archaea and many bacteria) (Schuster, Györvary, Pum, & Sleytr, 2005),

spontaneous formation of template-assisted virus shell (like tobacco mosaic

virus) (Fraenkel-Conrat, Singer, & Williams, 1957), the folding of the poly-

peptide chain to form the tertiary or quaternary protein structure (Sigler

et al., 1998), silk fibroin protein fibrillar assembly (Feltwell, 1990; Winkler

et al., 1999), and amyloid fibrils (Chapman et al., 2002; Elliot et al., 2003;

Jarrett & Lansbury Jr, 1993; King et al., 1997).

Any physical system has the natural propensity to exchange energy with

its surroundings to attain a low energy state. To bring the constituent parti-

cles to a stable configuration, they assume structures with a reduced free

energy state. This spontaneous, self-assembly process happens without any

external intervention. In the language of a chemist or biologist, the term self-

assembly refers to the spontaneous organization of components of a system

into an ordered functional unit. This phenomenon is reversible and can result

from direct (specific interactions between the individual components) or

indirect (environment mediated, for example, temperature, pH) interactions.

It is driven by minimization of the free energy of the system, achieved by

minimization of repulsive and maximization of attractive molecular

interactions.

The intermolecular forces like van der Waals interactions, hydrogen

bonding, hydrophobic interactions, weak polar interactions, π2π interac-

tions, as well as electrostatic interactions, hold the components into well-

defined stable structures, such that the assembled structure is in equilibrium

with the environment as well as the individual components (Pauling, 1960;

Wang, Liu, Xing, & Yan, 2016). While all these noncovalent interactions are

rather weak in isolation, when combined together, they play the decisive role

in the conformation a molecule can take and the subsequent self-assembly

(Ball, 1994; Lehn, 1993; Mandal, Shirazi, & Parang, 2014; Whitesides,

Mathias, & Seto, 1991). Through these interactions, small building blocks

associate to produce large superstructures with distinct physical and chemical

properties. This assembly approach has been commonly called the “bottom-

up” technique for designing and fabrication of nano and microstructures

(Gazit, 2007a).

There are two main types of self-assembly: static and dynamic (Rughani

& Schneider, 2008). Static self-assembly comprises of systems that are at

global or local equilibrium, do not dissipate energy, and may require energy

(for example, globular proteins are formed by static self-assembly) to form

the assembly. In contrast, dynamic self-assembly involves energy dissipation

to create ordered structures.
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Molecular self-assembly has shown promise to be a powerful tool in the

fabrication of sophisticated nanomaterials. Self-assembly of molecules in

biological systems is highly regulated and carried out with very high fidelity.

This is necessary to ensure proper function and avoid deleterious effects.

Designing the molecules that can self-assemble in a controlled way and can

respond to stimuli in a predicted manner is an emerging area in material sci-

ence. Inspired by the tight control of assembly and precise emerging proper-

ties of the biological self-assembly, researchers have looked toward the

molecules of biological origin to design such self-assembling molecules.

Researchers have utilized molecules that include, but are not limited to,

lipids, nucleic acid complexes, amino acids, peptides, proteins, and peptido-

mimetics (Aggeli et al., 2001; Alivisatos et al., 1996; Bong, Clark, Granja,

& Ghadiri, 2001; Ghadiri, Granja, & Buehler, 1994; Mirkin, Letsinger,

Mucic, & Storhoff, 1996; Schnur, 1993; Winfree, Liu, Wenzler, & Seeman,

1998; Zhang et al., 1995).

6.2 Protein and peptide self-assembly

Proteins are the workhorses of the cell, performing essentially every activity

of life. Our body harbors over a million distinct types of proteins, and more

than half the dry weight of a cell is constituted by proteins (Dobson, 2004).

They serve a broad range of functions, central to the maintenance of life and

have always attracted the attention of researchers.

Polymers of amino acids with roughly 2�50 amino acids are generally

referred to as peptides. Proteins are heteropolymers of amino acids linked by

peptide bonds (Brändén & Tooze, 1999). The linear chain of amino acids

constituting a polypeptide chain is referred to as the primary structure of a

protein. These polypeptide chains, driven by hydrogen bonding, organize

themselves to have varying spatial arrangements like α-helices or β-sheets,

forming the secondary structure of a protein. The secondary structures are

driven by nonspecific hydrophobic interactions, further arranging themselves

to create the functional three-dimensional domain, called the tertiary struc-

ture of a protein. The domains comprise the tertiary structure associated by

ionic, salt bridges, disulfide and other noncovalent interactions like van der

Waals forces between their amino acid residues, thus forming the quaternary

structure of a protein (Fig. 6.2). The structural organization is directed by the

amino acid chains constituting the primary structure.

The presence of the 20 natural amino acids along with the unnatural

amino acids offers numerous possible combinations of sequences with

intriguing physicochemical properties. The chemical space of a polymer

made up of “X” different monomers is given by XN, where N is the length

of the polymer. Thus the larger the number of monomers available, the more

diverse the polymers are. For example, for a tetrapeptide made up of natu-

rally occurring 20 amino acids, there are 204, that is, 160,000 different
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sequences possible. An oligonucleotide of the same length, on the other

hand, would have only 44, that is, 256 different sequences. Considering the

possibility of including the D-enantiomers expands the diversity of a tetra-

peptide to 404, that is, 1,560,000, a number four orders of magnitude larger

than that for an oligonucleotide. Due to their inherent chemical versatility,

ease of synthesis, physical and chemical stability, and well-established prin-

ciples of folding, the peptides stand out as an excellent choice of starting

material. Due to their properties such as biocompatibility and biodegradabil-

ity, peptides, therefore, turn out to be ideal for making nanomaterials for var-

ious applications.

6.3 Peptide-based nanomaterials

Over the past three decades, the focus of nanotechnology has been toward

the development of novel nanostructures and exploration of their potential

applications such as materials for nanoelectronics, catalysts for bioproces-

sing, and sensors for biomedical technology (Chen & Rosi, 2010; Gazit,

2008).

The designed peptidic sequences can be either chemically synthesized or

produced from microorganisms. The sequence-specific self-assembly makes

the designed peptides take the desired conformations (α-helix, β-sheets),

which could be fine-tuned to form three-dimensional building blocks for

supramolecular structures (Fig. 6.3) (Mart, Osborne, Stevens, & Ulijn, 2006;

Zhao & Zhang, 2006).

Peptides have different physicochemical properties depending on their

conformation and stereochemical configuration of the amino acids. This

makes them sensitive to environmental changes like pH, temperature, salt

content, external stimulus, etc. Hence, they can be used as versatile biocom-

patible smart building blocks for the de novo design of functional materials

(Briggs & Knecht, 2012; Ulijn & Woolfson, 2010). Some examples of

peptide-based self-assembled structures include tubes, wires, tapes, fibrils,

Strucutural Organization of Proteins

Primary Structure Secondary Structure Tertiary Structure Quarternary Structure
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FIGURE 6.2 A schematic representation of four levels of protein structure organization.
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ribbons, hydrogels, vesicles, spheres (Aggeli et al., 1997; Cohen & Calkins,

1959; Del Mercato et al., 2007; Eanes & Glenner, 1968; Ghadiri, Granja,

Milligan, McRee, & Khazanovich, 1993; Goux et al., 2004; Koley &

Pramanik, 2011; Kretsinger, Haines, Ozbas, Pochan, & Schneider, 2005;

Krysmann et al., 2008; Letchford & Burt, 2007; Lu, Jacob, Thiyagarajan,

Conticello, & Lynn, 2003; Ozbas, Kretsinger, Rajagopal, Schneider, &

Pochan, 2004; Ozbas, Rajagopal, Schneider, & Pochan, 2004; Reches &

Gazit, 2003, 2004; Scheibel et al., 2003; Xie et al., 2015; Yokoi, Kinoshita,

& Zhang, 2005).

Moreover, peptide-based supramolecular structures have been conjugated

with various other molecules to produce hybrid compounds, peptidomimetics

which find applications in material science (Sarikaya, Tamerler, Jen,

Schulten, & Baneyx, 2003).

These materials have shown interesting electrical, optical, mechanical,

and biological properties. Some of the exciting reports on self-assembled

structures are listed and discussed in Table 6.1.

Supramolecular Assembly

(driven by non-covalent
associations)Oligomers

3-D Assembly

2-D Assembly

Peptide

Peptide Self-Assembly

Amino Acids

Fibres

Tubes

Spheres

Rods

2

3

1B
o

tt
o

m
-U

p

FIGURE 6.3 Diagrammatic illustration of the bottom-up approach of peptide self-assembly.
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TABLE 6.1 Some of the important literature about self-assembly of the

peptides, amino acids, and their analogs.

References Work done

Amyloidogenic peptides

Rudolf Virchow Found that corpora amylacea in ependyme (the
thin lining of the ventricular system of the
brain) and choroid plexus (an area in the brain
that produces cerebrospinal fluid) stained violet
with iodine. He firmly believed that the stained
material was starch and named it “amyloid.”

Friedreich and Kekulé (1859) Showed that protein was the primary substance
present in the amyloid-rich segments isolated
from the spleen.

Eanes and Glenner (1968) The first report on the structural organization of
proteins/peptides in amyloid fibrils (X-ray fiber
diffraction). The first proof of the cross-β
structure of amyloid fibrils.

Petkova et al. (2002) Structural model of Aβ1�40 from solid-state
NMR.

Török et al. (2002) Structural features of amyloid fibrils of
Alzheimer’s Aβ peptide using electron
paramagnetic resonance spectroscopy.

Lu et al. (2003) Formation of highly ordered nanotubes by the
amyloidogenic fragment of β-amyloid, Aβ16�22

at acidic pH.

Scheibel et al. (2003) Conducting nanowires from amyloid fiber yeast
Sup35p self-assembly.

Nelson et al. (2005) The structure of the cross-β spine of a seven-
residue amyloidogenic fragment of Sup35. The
first atomic-resolution structure of an amyloid
fibril.

Heise et al. (2005) Structure and dynamics of full-length
α-synuclein fibrils by solid-state NMR.

Smith, Knowles, Dobson,
MacPhee, and Welland (2006)

Studied mechanical properties of insulin fibrils.
The fibrils were found to have strength
comparable to that of steel and mechanical
stiffness similar to that of silk.

Del Mercato et al. (2007) Intrinsically conducting and fluorescent
amyloid-like fibrils of poly (VGGLG).

Krysmann et al. (2008) Hydrogel from an amyloidogenic fragment of
β-amyloid, KLVFF.

(Continued )
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TABLE 6.1 (Continued)

References Work done

Bhak, Lee, Park, Cho, and Paik
(2010)

Accumulation of curly protein fibrils of
α-synuclein produced amyloid hydrogel.

Guerrero-Ferreira et al. (2018) Structure of α-synuclein fibrils using Cryo-EM.

Peptide nanotubes

Ghadiri et al. (1993) Formation of nanotubes from cyclic
syndiotactic peptides.
Extensive H-bonding network stabilizes the
self-assembled structures.

Ghadiri et al. (1994) Artificial ion channels using nanotubes made
up of cyclic syndiotactic peptides having
membrane-interacting properties.

Reches and Gazit (2003) Nanotubes from diphenylalanine. Casting wires
using nanotubes as the molds.

Reches and Gazit (2004) Nanosphere formation from diphenylglycine
derivatives.

Horne, Ashkenasy, and Ghadiri
(2005)

Charge transfer through
naphthalenetetracarboxylic acid diimide side
chain in cyclic peptide self-assembly.

Carny, Shalev, and Gazit (2006) Coaxial wires using diphenylalanine
nanotubes.

Görbitz (2006) Structure of the diphenylalanine nanotubes.

Liang et al. (2008) Amyloid fibrils as the scaffold for light
harvesting.

Kholkin, Amdursky, Bdikin, Gazit,
and Rosenman (2010)

Reported strong shear piezoelectric activity in
the diphenylalanine nanotubes.

Yan, Li, and Möhwald (2011) Hexagonal crystalline microtubes through
higher order organization of the
diphenylalanine nanotubes.
Show linear birefringence and optical
waveguiding.

Tarabout et al. (2011) Modulation of the peptide tube diameters by
chemical modifications of the aromatic
residues in close contacts.

Nonamyloid peptide�based fibers, ribbons, tapes, and hydrogels

Aggeli et al. (1997) Short oligopeptides form polymeric β-sheet
nanotapes in water and methanol.

(Continued )
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TABLE 6.1 (Continued)

References Work done

Niece, Hartgerink, Donners, and
Stupp (2003)

Nanofibers from peptide-amphiphile
molecules. Assembly through electrostatic
attraction and hydrophobic interaction.

Ozbas, Kretsinger, et al. (2004) β-Hairpin peptide self-assembles to form
hydrogel triggered by the presence of salt.

Yokoi et al. (2005) Self-complementary peptide RADA16 forms
nanofibers and hydrogel.

Schneider et al. (2002), Kretsinger
et al. (2005)

MAX1 peptide folds into β-hairpin
conformation and thereby forms the hydrogel.

Letchford and Burt (2007) Formation of micelles, nanospheres,
nanocapsules, and polymerosomes from
amphiphilic copolymers of polyethylene glycol
derivatives.

Mahler, Reches, Rechter, Cohen,
and Gazit (2006)

Aromatic phenylalanine dipeptides forming
hydrogels.

Zhang, Gu, Yang, and Xu (2003),
Smith et al. (2008)

Hydrogel formation from Fmoc-
diphenylalanine and other Fmoc-dipeptides.

Yang, Xu, Guo, Guo, and Xu
(2007)

Intracellular formation of nanofibers (catalyzed
by enzymes) that leads to hydrogelation and
cell death.

Hirst, Escuder, Miravet, and Smith
(2008)

Supramolecular gel-based nanostructures find
application as biomaterials, regenerative
medicine, hydrogels, metallogels, optical
technologies, etc.

Lim et al. (2008) A cyclic RGD-coated peptide self-assembles to
form nanoribbons structure.

Rajagopal, Lamm, Haines-
Butterick, Pochan, and Schneider
(2009)

MAX1 peptide variant [MAX1(K15E)]
undergoes thermally triggered hydrogelation at
physiological buffer conditions.

Cui, Muraoka, Cheetham, and
Stupp (2009)

A peptide amphiphile consisting of four amino
acids and an alkyl tail self-assembles to form
giant peptide nanobelts.

Ma et al. (2010) Nanofibers and hydrogel formation from
glycine-rich pentapeptide derivatives.

Huang et al. (2011) Photoresponsive hydrogels from azobenzene
substituted short peptides.

Fletcher, Lockett, and Dexter
(2011)

A pH-responsive reversible hydrogel formed
from a 21-residue α-helical peptide.

(Continued )
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TABLE 6.1 (Continued)

References Work done

Castelletto, Hamley, Adamcik,
Mezzenga, and Gummel (2012)

A peptide amphiphile (C16-KTTKS) forms tapes,
twisted ribbons, and fibrils on the addition of
the oppositely charged anionic surfactant.

Ghosh, Adler-Abramovich, Gazit,
and Verma (2013)

Derivatives of diphenylalanine conjugates form
fibers.

Xie et al. (2015) Helical nanoribbons from Fmoc-tripeptides.

Amino acid�based structures

Gortner and Hoffman (1921) One of the first examples of an amino
acid�based hydrogel: the dibenzoyl cysteine
formed a hydrogel.

Vegners, Shestakova, Kalvinsh,
Ezzell, and Janmey (1995)

First report of a Fmoc dipeptide hydrogelator
(Fmoc-Leu-Asp).

Yang, Gu, Zhang, Wang, and Xu
(2004)

Hydrogel formation by Nα-Fmoc-Tyr and Nε-
Fmoc-Lys.

Toledano, Williams, Jayawarna,
and Ulijn (2006)

Reversed hydrolysis by proteases formed potent
peptide hydrogelators from Fmoc-tripeptides.

Jayawarna et al. (2006) Fmoc dipeptides form hydrogels capable of
supporting 3D cell culture.

Yang, Liang, Ma, Gao, and Xu
(2007)

A β-amino acid derivative forms
supramolecular hydrogel, in vivo and in vitro,
triggered by phosphatase enzyme.

Gao et al. (2009) Enzymatic dephosphorylation triggered the self-
assembly and hydrogelation of a C-terminal
methyl ester derivative of Fmoc-Tyr.

Liang et al. (2009) Controlled drug release from D-amino acid
dipeptide hydrogels.

Sutton et al. (2009) Controlled dye-release from Fmoc-amino acid
hydrogels.

Ryan, Anderson, Senguen,
Youngman, and Nilsson (2010)

Compared to Fmoc-Tyr that forms hydrogels in
30 min with a rigidity, G0 of B1000 Pa, Fmoc-
Phe(F5) forms optically transparent hydrogels
within 5 min with a G0 of B3000 Pa.
Perfluorination of the phenyl side chain results
in a significant electronic perturbation of the
phenyl side chain (the side chain is much more
electron-deficient than that of Tyr) and an
increase in hydrophobicity.

(Continued )
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6.3.1 Amyloid peptides

Amyloid fibrils constitute a particularly important class of self-assembling

proteins and peptides. Amyloid fibrils are long, fibrous aggregates that are

composed of long β-sheets and are characterized by a meridional reflection

at 4.7�4.8 Å and an equatorial reflection at B10 Å. They are mostly known

as the aggregates of misfolded proteins that lead to various neurodegenera-

tive disease conditions like Alzheimer’s, Parkinson’s, type II diabetes,

Huntington’s disease, etc. (Glabe, 2006). However, studies in the past decade

have identified various amyloidogenic proteins that are native functional

forms in various living forms, including humans. The disease-unrelated amy-

loids have been found in aerial hyphae of filamentous bacteria, bacterial bio-

film formation, memory consolidation in Drosophila, as well as in melanin

synthesis in humans (Chapman et al., 2002; Fowler et al., 2005; Hervás

et al., 2016; Maury, 2009). The growing evidence suggesting nontoxicity of

amyloid fibrils eased their way for being used as functional materials in tech-

nological applications.

Amyloid fibrils have drawn the attention of the biological, chemistry, and

material science community alike, owing to their impressive material proper-

ties. Amyloid fibers could have unusually high mechanical properties; insulin

fibrils, for example, show mechanical strength comparable to that of steel,

stiffness similar to that of silk (Smith et al., 2006). Owing to their stability

and high aspect ratio (can go up to hundreds of micrometers), amyloid fibrils

have been utilized to make nanowires by metal deposition (Reches & Gazit,

2003). Amyloid protein fiber from Saccharomyces cerevisiae Sup35 self-

assembly has been used to form conducting nanowires (Scheibel et al.,

2003). An investigation by Del Mercato et al. (2007) showed the electrical

TABLE 6.1 (Continued)

References Work done

Koley and Pramanik (2011) Formation of nanorods, nanofibrils, nanotubes,
and nanovesicles from single hydrophobic
amino acid- (Phe, Trp, Tyr, and Leu) based
molecules.

Cao, Yuan, Zhu, Zhao, and Liu
(2012)

Controlled self-assembly from achiral amino
acid derivatives to form chiral twisted
nanostructures.

Irwansyah et al. (2015) Antimicrobial activity against Gram-positive
bacteria, from coassembly of Fmoc-Phe and
Fmoc-Leu hydrogels.
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conductivity in intrinsically fluorescent amyloid-like fibril of polypeptide

poly(ValGlyGlyLeuGly).

It is always advantageous to have short peptide sequences as monomers

for self-assembly. Short peptides are not only economical and easy to synthe-

size but also self-assemble through a limited set of interactions, thereby pro-

viding better control over self-assembly. One of the most widely studied

molecular systems is diphenylalanine (FF) self-assembly, which is a part of

the core fragment of Alzheimer’s amyloid-beta (Aβ) protein. Görbitz and

Gazit showed the formation of nanotubes from the dipeptide diphenylalanine

(Görbitz, 2006; Reches & Gazit, 2003).

FF self-assembles to form ordered nanotubes, microtubes, nanowires,

nanorods, and nanocrystals under different conditions (Adler-Abramovich

et al., 2009; Pandey et al., 2017; Reches & Gazit, 2003, 2006; Ryu & Park,

2008; Wang, Du, Wu, Xiong, & Chu, 2011; Zhu, Yan, Su, Yang, & Li,

2010). Reches and Gazit showed casting metal wires using diphenylalanine

nanotubes as molds (Reches & Gazit, 2003). Diphenylalanine peptide nano-

tubes have also been fabricated to form trilayered coaxial nanocables using

metal nanoparticles and can have unique electromagnetic properties (Carny

et al., 2006).

Several short (4�10 residues) peptide sequences have been shown to

form ordered amyloid-like fibrils with characteristic structural properties,

which can serve as model systems for understanding the self-assembly of

amyloid fibrils (Goux et al., 2004; Reches, Porat, & Gazit, 2002; Tenidis

et al., 2000; Tjernberg, Hosia, Bark, Thyberg, & Johansson, 2002; Wagoner,

Cheon, Chang, & Hall, 2014). The 16�22-residue stretch of β-amyloid

(Aβ16�22: Ac-KLVFFAE-am) has been known to assemble into fibers, nano-

tubes, and annular rings under different conditions (Balbach et al., 2000; Liu

et al., 2012; Lu et al., 2003; Pachahara, Chaudhary, Subbalakshmi, &

Nagaraj, 2012). Like Phe-Phe, highly ordered self-assembled nanotubes were

obtained from the Aβ16�22 fragment at acidic pH (Lu et al., 2003).

Krysmann et al. showed the formation of hydrogels from an amyloidogenic

fragment of β-amyloid, KLVFF (Krysmann et al., 2008). The aromatic cas-

sette Phe-Phe is believed to be critical in modulating self-assembly

(Chaudhary & Nagaraj, 2011; Inouye, Gleason, Zhang, Decatur, &

Kirschner, 2010; Krone et al., 2008; Pachahara & Nagaraj, 2015). Nagaraj

and coworkers investigated various aromatic analogs of Aβ16�22, substituting

Phe with Tyr and Trp residues and obtained highly amyloidogenic variants

(Pachahara & Nagaraj, 2015). In a recent study, Chaudhary and coworkers

investigated the hydrogelation propensity of end-capped Aβ16�22 and its aro-

matic analog Aβ16222(F20Y)(Ac-KLVFYAE-am). The Aβ16222(F20Y) is

reported to form hydrogels at concentrations $ 0.18 wt% (Datta, Kumar,

Kumar, Nagaraj, & Chaudhary, 2019a).

In another remarkable study, Buchanan et al. investigated the mechanism

of human islet amyloid polypeptide (IAPP) associated with type II diabetes
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using spectroscopic methods (Buchanan et al., 2013). Kapurniotu and cowor-

kers identified short amyloidogenic stretches from human IAPP. The

stretches IAPP23�37 (FGAIL), IAPP22�27 (NFGAIL), and IAPP20�27

(SNNFGAIL), and IAPP20�29 (SNNFGAILSS) are reported to form charac-

teristic amyloid-like fibrils in vitro (Tenidis et al., 2000) (Fig. 6.4).

Johansson and coworkers have reported typical amyloid-like fibrils from de

novo designed tetrapeptides. The charge complementary in peptides like

KFFE and KVVE is reported to play a critical role in the assembly

(Tjernberg et al., 2002). Goux and coworkers identified short amyloidogenic

stretches (#6 residues) from the tau protein (Goux et al., 2004).

Research in the past 20 years has shed light on the possible toxic protein

species in amyloid diseases; it turns out that the toxicity is restricted chiefly

to prefibrillar aggregates, and fibrils are the innocent bystanders (Hardy &

Selkoe, 2002; Hartley et al., 1999; Lambert et al., 1998). This feature could

make amyloid fibrils potential candidates as tissue engineering and drug

delivery vehicles. The recognition principles involving the key use of aro-

matic interactions in driving the self-assembly of amyloid fibrils could thus

be used in the design and fabrication of nanomaterials.

FIGURE 6.4 IAPP sequences forming amyloid-like fibrils identified by Kapurniotu and cowor-

kers. (A) IAPP23�37 (FGAIL), (B) IAPP22�27, (C) (NFGAIL), and (D) IAPP20�27 (SNNFGAIL),

and IAPP20�29 (SNNFGAILSS) (Tenidis et al., 2000).
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6.3.2 Cyclic peptides

A seminal work by Ghadiri and coworkers in 1993 gave the first peptide

nanotubes from syndiotactic cyclic peptides (Ghadiri et al., 1993). The

unique design principle involved the incorporation of amino acids with alter-

nate Cα stereochemistry (alternate L and D-amino acids). In addition, the

peptides were cyclized, thereby putting large-scale conformational con-

straints. The peptide molecules stack up, giving rise to hollow nanotubular

structures. The stacked ring subunits are stabilized by the intermolecular H-

bonding to form a β-sheet conformation (Bong et al., 2001). Artificial trans-

membrane ion channels were subsequently derived through the self-assembly

of similar cyclic peptides (Ghadiri et al., 1994). Self-assembly of the syndio-

tactic cyclic peptides tagged with 1,4,5,8-naphthalenetetracarboxylic acid dii-

mide (NDI) resulted in NDI excimer formation (Horne et al., 2005). This

study shows that self-assembling cyclic syndiotactic peptides could be used

to develop nanomaterials with interesting electronic and optical properties. A

tryptophan-rich cationic peptide designed on the same principles has been

shown to self-assemble into tubular structures that disrupt bacterial mem-

branes, thereby acting as an antimicrobial agent (Fernandez-Lopez et al.,

2001). The Lanreotide, a synthetic analog of somatostatin, is used as a

growth hormone inhibitor. This cyclic octapeptide has been shown to form

tubular structures in an aqueous solution (Valéry et al., 2003). The nanotubes

have been reported to have a viral capsid-like dimension. An alternating pat-

tern of aromatic and aliphatic amino acid residues resulted in antiparallel

β-sheet conformation in the peptide building blocks. Furthermore, the self-

assembly process for several cyclic peptides formed from 3�5 repeats of

dipeptides having hydrophobic and charged amino acid residues have also

been investigated (Mandal et al., 2013). The self-assembly of several cyclic

syndiotactic peptides has been described in an excellent review by Perrier

and coworkers (Chapman, Danial, Koh, Jolliffe, & Perrier, 2012).

6.3.3 Peptide amphiphiles

A peptide amphiphile (PA) is a peptide or peptide conjugate having distinct

polar and nonpolar regions. An amphiphilic peptide can be made by attach-

ing a stretch of nonpolar amino acid residues (forming the hydrophobic tail)

to polar or charged amino acids (forming the hydrophilic head). Besides, the

amphipathicity could be conferred through folding and self-assembly. The

peptides may lack distinct hydrophilic and hydrophobic regions in their pri-

mary structure but can fold/assemble to attain an amphipathic character

(Castelletto et al., 2012; Fletcher et al., 2011; Yokoi et al., 2005).
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6.3.3.1 Lipopeptides

An important class of PAs is a peptide chain conjugated to a fatty acid/lipid/

surfactant (Chu-Kung et al., 2004; Dasgupta, Mondal, & Das, 2013; Hamley,

2011; Hartgerink, Beniash, & Stupp, 2002; Zhao et al., 2010; Zhou, Yang,

Zhao, Ning, & Xu, 2015). Surfactin, a cyclic lipopeptide of the Bacillus sub-

tilis origin, is an example of naturally occurring lipopeptides (Heerklotz &

Seelig, 2001). The generalized structure of lipopeptides includes an acyl car-

bon chain linked to one of the peptide termini. Stupp and coworkers made

an extensive contribution to this class of self-assembling molecules by inves-

tigating several such PAs. They synthesized several amphiphilic molecules

by attaching a long hydrophobic alkyl tail with a hydrophilic peptide chain

head, mimicking a phospholipid molecule (Cui et al., 2009; Greenfield,

Hoffman, Olvera de la Cruz, & Stupp, 2009; Guler et al., 2006; Hartgerink

et al., 2002; Hartgerink, Beniash, & Stupp, 2001). One such example is that

of the formation of giant nanobelts of length up to 0.1 mm formed from the

self-assembly of C16H31OVEVE (Cui et al., 2009) (Fig. 6.5). The headgroup

of this lipopeptide had alternating hydrophilic (E) and hydrophobic residues

(V). Another interesting work is that on the formation of nanofibres from

self-assembled branched PAs. The PAs had a palmitoyl chain coupled to the

peptide sequence containing RGDS as a cell adhesion epitope (Guler et al.,

2006). Other lipopeptides like C10H19OA4G3S(PO4)RGD and

FIGURE 6.5 Peptide amphiphile C16H31OVEVE designed by Stupp and coworkers forming

nanobelts. (A) Chemical structure, (B) Spacefill model showing the long hydrophobic alkyl tail

and alternating hydrophilic (E) and hydrophobic residues (V) in the peptide headgroup (Cui

et al., 2009).
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C16H31OC4G3S(PO4)RGD have been shown to self-assemble into nanofibers

at low pH and disassemble fully with increasing pH, thus making them pH-

responsive (Hartgerink et al., 2002).

Greenfield et al. showed that the addition of salts in PAs resulted in nano-

fibrillar gels having stronger rheological properties. The calcium-mediated

ionic bridges in CaCl2�C16�V3A3E3 lipopeptide resulted in gels with stron-

ger intra and interfiber crosslinks, thereby enabling them to withstand higher

strains than the HCl�PA lipopeptide gel (Greenfield et al., 2009). Deng

et al. coupled a seven-residue peptide stretch from the β-amyloid (Aβ11�17)

to dodecanoic acid and found that the otherwise nonassembling Aβ11�17

sequence, when synthesized as C12-Aβ11�17, was able to self-assemble into

nanofibres and nanobelts at pH 3 and 10, respectively (Deng, Yu, Hou, &

Wang, 2009). The lipopeptides have shown to form a variety of interesting

superstructures. The peptide C16H31�WA4KA4KA4KA was found to self-

assemble into spherical micelles with diameters around 10 nm that gradually

transformed into worm-like micelles on prolonged incubation (Shimada, Lee,

Bates, Hotta, & Tirrell, 2009).

Interestingly, fatty acids mixed with di- and multiamines have been

investigated and shown to form distinct hydrogels (Basit, Pal, Sen, &

Bhattacharya, 2008). This, however, is not an example of a PA but a coas-

sembly of polar molecules with nonpolar ones. On a similar line, hydrogels

were obtained from sodium salts of fatty acids mixing with oligolysines

(Zhou et al., 2015).

6.3.3.2 Peptide-only amphiphiles

As the naturally occurring amino acid pool contains both hydrophilic and

hydrophobic amino acids, the amphiphilic character can be imparted to the

peptides without the need for an alkyl or a lipidic moiety. A number of such

peptides have been investigated. One of the earliest works with such PAs

was carried out by Walton and coworkers. They reported the self-assembly

of (SG)n and (AG)n PAs into fibrillar β-sheet structures (Anderson, Chen,

Rippon, & Walton, 1972; Bippon, Chen, & Walton, 1973). Zhang and cow-

orkers studied several lipid-like peptides like A6D, V6D, V6D2, which

formed the self-assembled structures like nanotubes, micelles, and vesicles

(Vauthey, Santoso, Gong, Watson, & Zhang, 2002; Yang & Zhang, 2006).

In a similar study, several glycine-rich peptides behaved like “surfactant-

like” molecules, thereby having the potential to stabilize membrane proteins

(Santoso, Hwang, Hartman, & Zhang, 2002). The length of the hydrophobic

tail has also been shown to modulate self-assembly in PAs. One such exam-

ple is AnK (where n5 3, 6, 9), which showed aggregates of different size

and shape on increasing the length of the hydrophobic residues (Wang et al.,

2009; Xu et al., 2008). Electron microscopy imaging showed the formation

of sheets, fibrillar morphology (worm-like micelles), and nanorods formation

Peptide-based nanomaterials: applications and challenges Chapter | 6 147



for A3K, A6K, and A9K, respectively. Zhang and coworkers further investi-

gated the self-complementary of the ionic peptides consisting of aspartic or

glutamic acid residues (at N-terminus) and arginine or lysine residues (at C-

terminus) to drive the self-assembly (Altman, Lee, Rich, & Zhang, 2000).

Rich and coworkers studied the sequence Ac-(AEAEAKAK)2-NH2, which

resulted in β-sheet fibers of 10�20 nm in diameter (Zhang, Holmes,

Lockshin, & Rich, 1993; Zhang, Lockshin, Cook, & Rich, 1994). Replacing

the Glu with Arg and the Lys with Asp (RADA16 peptide) resulted in hydro-

gels that find application in tissue engineering (Holmes et al., 2000; Yokoi

et al., 2005). Congo red birefringence proved that the fibrillar morphology is

similar to that of the amyloid fibrils (Howie, Brewer, Howell, & Jones,

2008).

The peptide EFK16-II (FEFEFKFKFEFEFKFK) has been shown to form

a β-sheet structure (Zhang & Altman, 1999). To investigate the effect of

changing the size and sequence of the nonpolar residues, Mueller and cowor-

kers studied peptide self-assembly by introducing residues like Val, Leu, Ile,

Gly in the place of Phe in the sequence (FEFEFKFK)2. The size and

sequence of the nonpolar residues caused variations in the β-sheet secondary

structure of the peptides that affected the self-assembly (Wang, Keasling, &

Muller, 2005).

6.3.3.3 Bolaamphiphiles

A family of bolaamphiphile peptides was investigated by Matusi and cowor-

kers, wherein the assembly resulted in tubular structures (Banerjee, Yu, &

Matsui, 2003; Djalali, Chen, & Matsui, 2003). The histidine-rich sequences

were able to immobilize Au and Cu nanocrystals on the nanotube surface.

Another study by Banerjee et al. shows phenylalanine-based bolaamphiphile

with an oligomethylene group to be a potent metallo-hydrogelator (Ray, Das,

& Banerjee, 2007). The hydrogel can adsorb various toxic dyes from waste-

water and also act as a carrier for vitamin B12.

The literature available on the work of PAs is vast. Some of the excellent

reports provide essential insights into the assembly (Bowerman & Nilsson,

2012; Cui, Webber, & Stupp, 2010; Hamley, 2011; Hartgerink et al., 2002;

Mandal et al., 2014; Zhao et al., 2010). Some of the superstructures derived

from PAs are listed in Table 6.2.

6.3.4 Turn containing peptides

Reverse turns happen to be an important structural motif in proteins. Tight

turns are often involved in the sudden reversal of the peptide backbone. A

β-hairpin is one of the most common outcomes of such a chain reversal. As

a large majority of peptide self-assembled structures are composed of

β-sheets, a β-hairpin could be an interesting monomeric unit to obtain
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TABLE 6.2 Some of the peptide amphiphiles sequences and their self-

assembly.

Sequence Self-

assembled

structures

References

Ac�GmDn�OH Nanotubes,
nanovesicles

Santoso et al. (2002)

Ac�GAVILRR�NH2 Nanodonuts,
spherical
micelles

Khoe, Yang, and Zhang
(2008)

Ac�I3K�NH2 Nanotubes Xu et al. (2010)

KmLn Nanofibers Breedveld, Nowak, Sato,
Deming, and Pine (2004),
Deming (2005)

NH2�X5�H4R8�CONH2 (X5 I,
W, F)

Nanoparticles Seow and Yang (2009)

A12H5K10 or 15 Core shell
nanoparticles

Wiradharma, Khan, Tong,
Wang, and Yang (2008)

C16H31�A4K4 Nanofibers Yuwono and Hartgerink
(2007)

C16H31�V3A3E3 Nanofibrillar
gels

Greenfield et al. (2009),
Webber et al. (2010)

C16H31�LSQETFSDLWKLLPEN Rod-like
micelles

Missirlis, Khant, and Tirrell
(2009)

Cholesterol�G3R6YGRKKRRQRRR Nanoparticles Liu et al. (2009)

C12H23�EVHHQKL Nanofibrils Deng et al. (2009)

Ac-QQRQQQQQEQQ-NH2 Twisted
ribbon,
nanotapes

Aggeli et al. (2001), Fishwick
et al. (2003), Keen and
McLeish (1997)

Ac-QQRFQWQFEQQ-NH2 Helical
β-sheet tapes

Aggeli et al. (2001), Fishwick
et al. (2003), Nyrkova,
Semenov, Aggeli, and Boden
(2000)

Palmitoyl-GV3A3E3 Fibrils Muraoka, Cui, and Stupp
(2008)

VEVE Nanobelt Cui et al. (2009), Dong,
Paramonov, Aulisa, Bakota,
and Hartgerink (2007)

(Continued )
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β-sheet-rich superstructures. One of the most pioneering works on β-hairpin

self-assembly has been carried out by Schneider and coworkers (Ozbas,

Kretsinger, et al., 2004; Ozbas, Rajagopal, et al., 2004; Pochan et al., 2003;

Schneider et al., 2002). A series of short peptides, named MAX peptides,

were designed wherein the dipeptide DPro-LPro was incorporated in the mid-

dle of the sequence. As DPro-LPro is a well-known type-II0 β-turn-inducing

motif, the designed peptides folded into β-hairpin structures and self-

assembled to form hydrogels. The MAX1 peptide (H2N-VKVKVKVK-

VDPPT-KVKVKVKVNH2) folds into a β-hairpin conformation in an aque-

ous solution buffered at pH 9 and self-assembles to form hydrogels.

Lowering the pH below the lysine side chain pKa causes interstrand electro-

static repulsion and thereby unfolding the hairpin conformation (Schneider

TABLE 6.2 (Continued)

Sequence Self-

assembled

structures

References

VVEE Cylindrical
nanofibers

Cui et al. (2009)

R-GRKKRRQRRRPPQGSGG-
FKFEFKFEFKFE

Nanoribbon Lim, Lee, and Lee (2007)

C12-GAGAGAGY Nanofibers Zhang et al. (2011)

C16-KTTKS and C16-ETTES (mixed) Nanotapes Hamley, Dehsorkhi, and
Castelletto (2013)

H2N-VKVKVKVK-VDPPT-
KVKVKVKV-NH2

Fibrils Ozbas, Kretsinger, et al.
(2004), Ozbas, Rajagopal,
et al. (2004), Schneider et al.
(2002)

Fmoc-RGD Fibrillar
hydrogel

Zhou et al. (2009)

COOH-GE3L3-COC5H10-(urea
oligomer), COOH-GE3L3-
COC5H10-(urea oligomer),
COOH-E3L3-COC5H10-(urea
oligomer)

Nanofibrils Claussen, Rabatic, and Stupp
(2003)

C12-EVHHQKL Amyloid
fibrillization

Deng et al. (2009)

C16-(G)3(S)2PHSRN(SG)5RGDSP Nanofibrils Shroff, Rexeisen,
Arunagirinathan, and Kokkoli
(2010)
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et al., 2002). An investigation into the folding transition of two other analogs

called the MAX2 (H2N-VKVKVKVK-V
DPPT-KVKTKVKVNH2) and

MAX3 (H2N-VKVKVKTK-V
DPPT-KVKTKVKVNH2) showed MAX3 to

undergo thermally reversible self-assembly leading to reversible hydrogels

(Pochan et al., 2003). In another study, Chaudhary and coworkers designed a

series of peptides having repeats of Aβ16222 and Aβ16222(F20Y) connected

through β-turn containing dipeptide motifs (Asn-Gly, DPro-Gly, and

Aib-DPro). All the six turn containing peptides formed transparent hydrogels

(Datta, Kumar, Kumar, Nagaraj, & Chaudhary, 2019b).

6.3.5 Aromatic-moiety containing peptides and amino acids

Small aromatic peptides have been shown to form well-ordered nanostruc-

tures. The Phe-Phe aromatic cassette present in the Aβ16�22 is believed to

play a critical role in its self-assembly (Görbitz, 2006). Görbitz and Gazit

subsequently showed that the dipeptide Phe-Phe, by itself, can self-assemble

into highly ordered nanotubes. Diphenylglycine, an analog wherein Cβ is not

there, and the phenyl rings are directly attached to the α-carbon, self-

assembled into nanospheres in aqueous solution (Reches & Gazit, 2004).

End capping with bulky aromatic groups like Fmoc (9-fluorenylmethoxycar-

bonyl) in peptides has been shown to promote self-assembly through aro-

matic π2π stacking interactions. The earliest example of an aromatic self-

assembling peptide was Fmoc-LD, which was reported to be a potent ther-

moreversible hydrogelator by Janmey and coworkers in 1995 (Vegners et al.,

1995). Xu and coworkers were the first to report the self-assembly by a

Fmoc-protected amino acid (Fmoc-Tyr-phosphate), which also showed

enzyme responsiveness (Yang & Xu, 2004; Yang, Gu, Fu et al., 2004; Yang,

Gu, Zhang et al., 2004). Ulijn and Gazit’s groups carried out investigations

on Fmoc-FF independently and were able to obtain hydrogels at physiologi-

cal pH (Jayawarna et al., 2006; Mahler et al., 2006). In another study, Das

and coworkers designed and developed a series of Fmoc-amino acid/peptide-

functionalized cationic amphiphiles to test their gelation efficacy. Replacing

the N-terminal Fmoc group with Boc (tert-butoxycarbonyl) moiety rendered

most of the cationic dipeptides/amino acids nongelating. The study thus

showed the presence of planar aromatic ring to be critical for the gelation

efficiency of the cationic amphiphiles (Debnath, Shome, Das, & Das, 2010).

Apart from Fmoc, various other aromatic moieties such as Boc, phenyl,

naphthalene, azobenzene, and pyrene derivatives have been attached to the

N-terminus of the peptides to drive self-assembly through aromatic interac-

tions (Subbalakshmi, Basak, & Nagaraj, 2017; Zeng et al., 2014; Zhang

et al., 2004) (Fig. 6.6). Peptides with an N-terminal naphthyl moiety have

been shown to form structures like nanofibers and hydrogels that were found

to have various applications as in inhibition of growth of glioblastoma cells,

induce cell death, as potent anticancer agents, and inhibition of bacterial
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growth (Kuang & Xu, 2013; Kuang, Du, Zhou, & Xu, 2014; Kuang, Shi,

et al., 2014; Yang, Liang, Guo, Guo, & Xu, 2007; Yang, Xu et al., 2007).

Peptide derivatives having a perfluorinated phenyl moiety at the N-terminus

have been shown to form hydrogels when compared to their nonfluorinated

analogs (Hsu, Lin, Chang, Liu, & Lin, 2014). The assembly is believed to be

directed by the quadrupole�quadrupole interactions between aromatic amino

acid side chains and the perfluorinated N-terminal group. Another notewor-

thy example is the incorporation of an azobenzene moiety in a peptide

sequence. Azobenzene is a photoresponsive molecule that can switch

between cis and trans configurations by absorbing light of different excita-

tion wavelengths. It is thus possible to obtain photoresponsive peptide hydro-

gels (having the potential to switch between gel2 sol) by suitably

incorporating azobenzene moiety in the peptide (Sahoo, Nalluri, Javid,

Webb, & Ulijn, 2014). Various nucleotide bases like adenine, thymine, gua-

nine, cytosine have been coupled with peptides to obtain hydrogels (Du

et al., 2014; Li et al., 2012).

In addition to peptides, several small Fmoc-protected amino acids have

also been investigated for their self-assembling propensity. Fmoc-Phe and

Fmoc-Tyr, for example, were found to be potent hydrogelators (Sutton et al.,

2009). The effect of covalent disulfide linkage along with aromatic interac-

tions has also been explored. Fmoc-CF-OMe, for example, self-assembles to

form a hydrogel in a reducing environment (Sadownik & Ulijn, 2010).

Oxidation of the cysteine residues resulted in the collapse of the gel. An

investigation on varying the C-terminus of the different Fmoc-phenylalanine

derivatives revealed that COOH promotes gelation, COOMe promotes

FIGURE 6.6 Structures of some common aromatic moieties that connect to the N-terminal end

of peptidic sequences. (A) Boc (tert-butoxycarbonyl), (B) Fmoc (9-fluorenylmethoxycarbonyl),

(C) azobenzene, (D) naphthalene, (E) pyrene, and (F) phenyl.
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precipitation, and CONH2 results in solutions generally (Ryan, Doran,

Anderson, & Nilsson, 2011). An extensive review by Fleming and Ulijn

(2014) on aromatic self-assembling amino acids and peptides explores vari-

ous design possibilities.

6.4 Applications of peptide-based nanomaterials

The applications of the self-assembled peptide nanostructures are manifold.

Owing to their versatility and biocompatibility, peptide-based superstructures

have been used as drug delivery vehicles, tissue engineering matrices, scaf-

folds for catalysis, casting nanowires, and potential therapeutic options for

aggregation-mediated disorders (Altunbas & Pochan, 2011; Aumüller &

Fändrich, 2014; Goyal et al., 2021; Jerath, Goyal, Trivedi, Santhoshkumar,

& Ramakrishnan, 2019; Jerath, Goyal, Trivedi, Santhoshkumar, &

Ramakrishnan, 2020; Pandey & Ramakrishnan, 2020; Pandey, Morla,

Kumar, & Ramakrishnan, 2020a, 2020b; Scheibel et al., 2003; Zhang, Li,

Gao, Hou, & Xu, 2012).

Designed amyloid fibrils have been reported to possess intrinsic conduc-

tivity (Del Mercato et al., 2007). De novo designed peptides, short peptides

from amyloidogenic peptides and proteins, and Fmoc-protected amyloido-

genic peptides have been found to form hydrogels, which find applications

in drug delivery and regenerative medicine (Das et al., 2016; Haines-

Butterick et al., 2007). The ability of the hydrogel network to trap and

release small molecules makes the peptide hydrogels promising candidates

as drug delivery vehicles.

De novo designed peptides have found applications as ion channels

(Ghadiri et al., 1994), antimicrobial agents (Fernandez-Lopez et al., 2001;

Hazam, Jerath, Chaudhary, & Ramakrishnan, 2018; Hazam, Phukan, Akhil,

Singh, & Ramakrishnan, 2021), cast for nanowires and coaxial wires (Carny

et al., 2006; Reches & Gazit, 2003), and channels for fluid flow.

Furthermore, peptide nanostructures have been employed as the scaffolds to

provide physical support for cell culture and growth. This proved their poten-

tial to be used in tissue engineering (Chung & Park, 2009; Ellis-Behnke

et al., 2006; Harrington et al., 2006; Holmes, 2002).

Fiber-forming peptides have been tagged with molecules to obtained self-

assembled structures decorated with the tagged molecules. The tag could

also be tethered to the preformed structures. Such derivatization has resulted

in superstructures with biological, catalytic, optical, electrical, and electronic

properties (Amdursky, Molotskii, Gazit, & Rosenman, 2009; Baldwin et al.,

2006; Gazit, 2007b; Gras et al., 2008; Hamedi, Herland, Karlsson, &

Inganäs, 2008; Herland, Thomsson, Mirzov, Scheblykin, & Inganäs, 2008;

Pilkington, Roberts, Meade, & Gerrard, 2010; Tanaka, Herland, Lindgren,

Tsutsui, & Andersson, 2008; Tu, Nilsson, & Forchheimer, 2013). Besides,

the self-assembled peptide nanotubes have been utilized as supports for
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enzymes or, in some instances, to improve electrochemical parameters in an

electrode (Yemini, Reches, Rishpon, & Gazit, 2005; Yu, Banerjee, Gao,

Nuraje, & Matsui, 2005). This shows the application of peptide nanostruc-

tures as biosensors.

Insulin amyloid fibrils have been functionalized with conducting and

luminescent polymers as electrochromic and electrochemical transistors, pro-

viding a single multifunctional device in biological sensing (Tu et al., 2013).

Self-assembled FF nanowires have been modified with a conductive polymer

and used as a biosensor and in cell culture for the growth of PC-12 and Hela

cells (Sasso, Vedarethinam, Emnéus, Svendsen, & Castillo-Leóon, 2012).

Research by Gras et al. showed amyloid fibers to be functionalized for bio-

logical cell adhesion via the RGD motif and thus can be used as biomaterials

(Gras et al., 2008). In another study, insulin amyloid fibers in conjugation

with glucose oxidase using glutaraldehyde have been utilized as a scaffold

for enzyme immobilization (Pilkington et al., 2010). Protein amyloid fibrils

from fusion protein made up of Cytochrome b562 with an SH3 dimer

sequence have been functionalized to bind with metalloporphyrins (Baldwin

et al., 2006). Moreover, conjugation of photochromic compounds with poly-

peptides and peptide nanostructures has been shown as potential photo mod-

ulating biosensors (Pieroni, Fissi, Angelini, & Lenci, 2001).

While mostly inorganic nanostructures have been known to have optical

properties, recent studies on protein/peptide-based nanostructures have been

functionalized like quantum dots. Self-assembly of tert-butoxycarbonyl-Phe-

Phe-OH (Boc-FF) peptide nanospheres has been shown to exhibit optical

characteristics of quantum dot (Amdursky et al., 2009). Self-assembled

nanostructures and amyloid fibrils have also been conjugated with polymer

complexes to be used as polymer light-emitting diodes (Schlieker, Bukau, &

Mogk, 2002; Tanaka et al., 2008).

Another very promising material is the formation of gels like hydrogels,

organogels, and aerogels from both amyloidogenic and nonamyloid peptides

self-assembled structures (Datta & Chaudhary, 2021; Datta, Nagaraj, &

Chaudhary, 2019; Kopeček & Yang, 2009; Nyström, Fernández-Ronco,

Bolisetty, Mazzotti, & Mezzenga, 2016; Palui, Garai, Nanda, Nandi, &

Banerjee, 2009). Hydrogel formation has been reported to form short Fmoc-

dipeptides, some of which are suitable for three-dimensional cell culture

(Diaferia et al., 2019; Jayawarna et al., 2009; Ma et al., 2010; Orbach et al.,

2012; Smith et al., 2008). Krysmann et al. reported hydrogel formation from

the amyloidogenic fragment of β-amyloid, KLVFF (Krysmann et al., 2008).

An excellent review by Fichman et al. also shows the varied technological

applications of short peptide-based gels (Fichman & Gazit, 2014). The pres-

ence of a network-like structure and their property to trap small molecules,

several peptide-based hydrogels have widely been used as drug entrapment

and release vehicles or as scaffolds in cell culture (Naskar, Palui, &

Banerjee, 2009; Sutton et al., 2009). Apart from amyloidogenic protein
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sequences, designed PAs also give various superstructures (Cui et al., 2010;

Zhao et al., 2010). An example includes the work by Stupp and coworkers

where PAs have been modified with cell binding sequences to form hydro-

gels capable of the growth and differentiation of neuronal cells (Silva et al.,

2004).

Besides tissue engineering and cell culture, functional peptide-based

structures have also been shown to have potent antibacterial activities.

Pioneering work by Schneider et al. on β-turn containing MAX1 sequence

proved inherent antibacterial properties against both Gram-positive and

Gram-negative bacteria (Rughani & Schneider, 2008; Salick, Kretsinger,

Pochan, & Schneider, 2007). Peptides synthesized with strategic design have

been used in bionanomaterials like three-dimensional cell culture, gene deliv-

ery, as well as membrane stabilization (Gelain, Bottai, Vescovi, & Zhang,

2006; Kokkoli et al., 2006; Yan et al., 2007; Zhao et al., 2006). Short

designed self-assembling PAs behaved like surfactants and have been found

to stabilize bovine rhodopsin in the presence of lipid molecules (Zhao et al.,

2006). Several peptide-based hydrogels have been reported to have functions

like antibacterial activity, removal of dyes from wastewater, as well as

exhibit semiconducting and photoswitching behavior (Adhikari, Palui, &

Banerjee, 2009; Nandi et al., 2017; Roy, Maiti, Panigrahi, Basak, &

Banerjee, 2012). While the above are only a few examples, applications of

peptide-based self-assembled structures are numerous.

The various properties and applications of the self-assembled structures

obtained from proteins, amino acids, peptides, and peptidomimetics highlight

the importance and possibilities of the bottom-up approach of fabricating

smart, functional materials. In fact, the monomers need not restrict to the

peptides, amino acids, or other biomolecules but could be any molecule

appropriately designed to allow the required interactions for self-assembly.

However, because of the inherent advantages like biocompatibility and bio-

degradability that they offer, the peptide and amino acids have an edge as

the monomers over other molecules as far as biomedical applications are

concerned.

6.5 Conclusion, challenges, and future directions

Over the last two decades, peptide-based nanomaterials have been exten-

sively designed, developed, and examined. While many of these functional

superstructures have emerged as promising materials with an exciting poten-

tial to be utilized in diverse nanotechnology related applications, still many

hurdles need to be addressed and resolved. A few of these factors are listed

next:

1. One of the main challenges lies in controlling the properties like dimen-

sions, aspect ratio, and trigger-based assembly and tuning of these
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superstructures. These issues have been addressed for a handful of pep-

tide nanostructures but remain to be addressed for most. One of the rea-

sons for lack of this control is poor understanding of the forces,

pathways, and mechanisms that drive this assembly. A large number of

peptide and peptide analogs have been reported to self-assemble but most

of these studies are simply phenomenological reports.

2. The rational designing of the peptide sequences are challenging due to

the presence of the combination of the multiple natural and unnatural

amino acids. Even if considering only the 20 natural amino acids, design-

ing a peptide sequence with two amino acids have the possibility of for-

mation of 202 or 400 sequences. It is critical to find the link between the

peptide sequence to its formed structure.

3. Controlling the self-assembly process in different conditions is important

to obtain reproducible structures and avoid artifacts/defects. A change in

the solvent, pH, temperature system can change the time point of nucle-

ation initiation, thereby leading to varied growth and formation of differ-

ent structures.

4. While many of the functional peptide materials have been promising bio-

materials as in drug delivery vehicles when tested in vitro, they fail to

retain their activity when tested under physiological conditions in vivo.

The issue arises in the stability of the self-assembled structures, mechani-

cal property, immunogenicity, cytotoxicity, cell-adhesion potential to

name a few.

5. The cost of production for large-scale synthesis of peptides is crucial for

their translation from the lab to the market. The challenges include the

presence of impurities, failure of their removal, and low yield of the

peptide.

Our chapter highlighted some of the pioneering works, current trends,

and the recent advances in the field of peptide nanomaterials. The overall

aim is to stimulate the interest in this intellectually challenging and exciting

field of peptide-based molecular self-assembly. The possibilities in exploit-

ing the rational design and synthesis of smart nanomaterials are indeed vast.

It opens up a plethora of opportunities in the fabrication of peptide and pepti-

domimetic molecules for applying in the field of biology, chemistry, elec-

tronics, and material science.
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7.1 Introduction

The rate of a chemical reaction is a function of multiple parameters, of which

frequency of collision of the reactants is the most predominant one (Goldberger

& Watson, 2004). Product formation occurs when the collision between the

reacting molecules is sufficient to overcome certain threshold energy called the

activation energy (Ea) (Fig. 7.1). However, the collision involves reactants with

random orientations, and therefore Ea is formally the average energy barrier that

must be overcome for product formation. The lower the Ea threshold of a reac-

tion, the greater the proportion of successful collisions, and the faster the reac-

tion rate. The rate of a chemical reaction is given by Arrhenius equation,

k5Ae2Ea=RT

where k is rate constant, A is frequency factor, e is a mathematical quantity,

Ea is the activation energy, T is temperature, and R is gas constant.

Catalysis is the process of increasing the reaction rate by adding a sub-

stance called a catalyst. A catalyst provides a new route to the chemical reac-

tion with lower Ea without getting effectively consumed at the end of the

reaction (Figure 2.5). This is achieved by (1) orienting the reacting particles

to promote successful collision and (2) by binding the reactant to form an

intermediate complex with the lower activation energy. The intermediate

complex is also referred to as the activation complex.

The characteristics of a catalytic reaction are the turnover frequency

(TOF) and the turnover number (TON). The TOF is the number of rotations

of the catalytic cycle per unit time (Boudart, 1995). It is calculated as the

number of molecules converted per active site with respect to time (Schüth,

Ward, & Buriak, 2018), and is given by,

TOF5
NAv

S
:
dNi

dt
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where dNi/dt is the differential concentration change of i with time, NAv is

Avogadro’s number, and S is the number of active sites.

The TON is a measure of catalyst stability and is highly sensitive to the

reaction time considered. It is calculated as the number of catalytic cycles a

site can perform until it is completely deactivated (Schüth et al., 2018). The

TON is expressed as a function of the TOF,

TON5

ð

N

0

TOFðtÞdt

Catalysts accelerate reactions by several orders of magnitude, enabling

them to be carried out under the most favorable thermodynamic regime and

at much lower temperature and pressure.

7.2 Types of catalysts

Depending on their reaction phase, catalysts can be broadly classified into

two types: homogeneous and heterogeneous catalysts.

7.2.1 Homogeneous catalysts

Homogeneous catalysts and the substrate are present in one phase, most

often the liquid phase. They contain well-defined, single-site centers that can

be prepared using organic synthesis and offers high activity with remarkable

selectivity (Corma & Garcia, 2008). Single or multiple-site centers in

Ea for the uncatalyzed

reaction

Activation energies
for the steps of a

catalyzed reactionEa2
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FIGURE 7.1 Comparison of the activation energies of catalytic (Ea 1�3, olive) and noncataly-

tic (Ea, red) reactions. The energy versus reaction coordinate diagram showing a two-step

enzyme-catalyzed reaction, having two catalytic intermediates and three transition states.
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homogeneous catalysis generally imply the presence of one or more metal

centers. The metal atom usually has an easily replaceable group, also called

an open-site, involved in substrate binding, which is also the site for bond

formation or cleavage. In addition, they extend the scope for fine-tuning

and optimization through functionalization or subtle structure variations.

Important examples include Brønsted and Lewis acids, metals ions, metal

and organometallic complexes, and biocatalysts such as enzymes. Here,

every single catalytic entity can act as a single active site that corrobo-

rates the underlying enhanced activity and selectivity compared to the

heterogeneous catalysts. Homogeneous catalysts, however, are not

suitable to perform continuous flow reactions due to the high cost of sepa-

ration and recovery. Besides, they have limited thermal stability up to

,100�C (Haibach, Kundu, Brookhart, & Goldman, 2012). The recogni-

tion of such inherent limitations in homogeneous catalysis led to the

development of heterogenize-homogeneous catalysts with an aim to com-

bine the superior activity and selectivity of homogenous catalysts with the

ability to recycle as seen in heterogeneous catalysts.

7.2.2 Heterogeneous catalysts

In contrast to homogeneous catalysts, a heterogeneous catalyst and the sub-

strate are in different phases, typically solid2 liquid or solid2 gas. They

offer ease of separation from the reaction mixture and, therefore, can be

recycled and reused until loss of catalytic activity. This makes them the ideal

catalyst to perform continuous flow reactions amid robust conditions.

Numerous reports also suggest that such catalysts can be reactivated to per-

form like fresh materials (Tiltscher, Wolf, & Schelchshorn, 1981).

Heterogeneous catalysis lacks the degree of knowledge of the transformation

at the molecular level and demands further research to reach activity and

selectivity values similar to homogeneous ones.

According to the heterogeneous catalyst theory, the entire surface of the

solid catalyst is not responsible for catalyzing the reaction. Only specified

locations called the “active site” on the catalyst surface will effectively take

part in the reaction (Muhler, 1997). The active site may be generated due to

unsaturated functional groups resulting from the surface irregularities or

atoms with inherent chemical properties that enable the interaction with the

adsorbed reactant at the atomic or molecular scale. In the case of porous cat-

alysts, such as a gel, the steps 1, 2, 6, and 7 (Fig. 7.2) involving the diffusion

and mass transfer determine the reaction rate irrespective of the number of

the active sites in the catalyst.

However, in recent times, the frontiers between homogeneous and hetero-

geneous catalysis have been surpassed and becoming less defined. The

development of various analytical techniques has allowed researchers to gain

insight and characterize the catalytic sites of complex materials based on
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their composition, structure, and distribution. For example, it is now possible

to synthesize heterogeneous catalysts with a single catalytic site that resem-

bles a homogeneous catalyst (Joubert et al., 2006). The introduction of

nanoassemblies in catalysis is aimed to make all the active sites on a solid

support accessible for reactants, thus increasing the rate and selectivity of the

catalysts.

7.2.3 Nanocatalysts

Nanomaterials often present unique properties that are not seen in bulk mate-

rials. Due to their large surface area, tailor-made nanostructures have dis-

played the potential to meet the interface of homo and heterogeneous

catalysis. Higher surface area implies increased exposed active sites, thus

have a larger contact area with reactants. Nanocatalysts are reported to be

catalytically more active than conventional heterogeneous catalysts (Singh &

Tandon, 2014). In addition, they possess strong mechanical strengths, high

resistance to temperature, and organic solvents. The Brownian motion of

nanoparticles, the confining effect of nanopores, and the self-assembling

behaviors of discrete nanostructures make them an excellent candidate for

efficient catalysts. Characteristic properties of nanomaterials that control

their catalytic efficiency depend on their size, morphology, and chemical

composition (Singh & Tandon, 2014; Somwanshi, Somvanshi, & Kharat,

2020). For chiral catalysis and synthesis of natural products, nanocatalysts

play an important role in increasing the yield TON, facilitating the purifica-

tion of products, and recyclization of the catalyst. Fig. 7.3 compares the

FIGURE 7.2 Steps involved in a typical heterogeneous catalytic reaction. (1) Transportation of

reactant (A). (2) Diffusion of the reactant (A) to the internal catalytic surface. (3) Adsorption of

reactant (A) on the catalytic surface. (4) Surface reaction to produce (B). (5) Desorption of the

product (B) from the catalytic surface. (6) Diffusion of the product (B) to the pore mouth. (7)

Transfer of the product (B) to the bulk fluid. Steps 1, 2, 6, and 7 are the diffusion steps that

determine the mass transfer, and steps 3, 4, and 5 are the adsorption and reaction steps in the

reaction (Campbell, 1988).
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characteristics of nanocatalysts that behave as an interface between homo

and heterogeneous catalysts. Some of the factors affecting nanocatalysis are

discussed next.

7.2.3.1 Effect of size

Nanocatalysts, as compared to their bulk counterparts, offer a much higher

surface-to-volume ratio. When the size decreases to a certain nanoregime

(typically a couple or even subnanometer), significant changes in the elec-

tronic states and coordination environment of the surface atoms of the cata-

lyst molecule is observed. This, in turn exposes more catalytically active

sites for substrate binding, thus leading to an increased TOF (Kalidindi &

Jagirdar, 2012). The relation of catalytic activity and nanoparticle size is

influenced markedly by the proportion of the surface atoms having high

coordination numbers (Umpierre, de Jesús, & Dupont, 2011). Importantly,

however, decreasing size does not always lead to improved catalytic charac-

teristics as the proportion of the surface atoms might change drastically

(Umpierre et al., 2011). According to the Boudart classification, catalytic

reactions leading to variation in the TON with metal dispersion are called

structure-sensitive, and those that do not depend on the dispersion are called

structure-insensitive (Pan, Shen, Yao, Bentalib, & Peng, 2018). This is based

on the idea that it is possible to change the type of site geometry or the

nature of the exposed facets by changing the particle size.

7.2.3.2 Effect of shape

Given that different surfaces of a nanoparticle exhibit different morphology

and electronic state, they could display different activities and selectivity for

FIGURE 7.3 Characteristics of homogeneous, heterogeneous, and nanocatalysts.
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the same catalytic reaction (Zhang, Jin, Xiong, Lim, & Xia, 2013). The

shape dependence of catalytic performance intrinsically results from the dif-

ferences in geometry of the participating entities. Nanoparticles can be

divided into zero-dimensional spheres (Pan et al., 2018), one-dimensional

nanotubes, nanorods or nanowires, two-dimensional nanobelts, nanosheets

(Li, Liu, & Liu, 2012), and complex three-dimensional structures such as

nanoflowers, nanostars, polygonal nanoframes (Lin et al., 2012). Narayanan

and El-Sayed (2004) have thoroughly studied such effect on catalysis. They

have found that the distribution of the surface atoms in the nanostructure

strongly impacts the activity of the nanocatalyst system. Besides, Lee et al.

have demonstrated that by changing the shape of the nanocatalyst, it is possi-

ble to alter its activity and selectivity.

7.2.3.3 Effect of composition

The third important factor influencing the effect of nanocatalysts is their

composition. The incorporation of a molecule such as an electron donor or

an acceptor to the catalyst’s surface significantly influences the activation

energy of the reaction pathway apart from modulating its selectivity

(Somorjai, Frei, & Park, 2009). The surface composition also contributes to

the durability and recoverability of the nanocatalyst. For example, incorpo-

rating ferro- or paramagnetic metal ion allows the catalyst separation using a

magnet. Another elegant way of recovering the catalyst from the reaction

mixture is to render its surface pH-sensitive.

7.3 Enantioselectivity in catalytic reactions

Enantioselective catalysis involves the selective and reproducible generation

of one enantiomer of a chiral product from achiral precursors. Last few dec-

ades have seen an ever-increasing demand for enantiopure molecules in vari-

ous industrial sectors that includes pharmaceutical, agrochemical, food

industry, and cosmetics. Enantioselectivity in asymmetric reactions involves

the preferential selection of one enantiomer over the other chiral product.

Without exception, such reactions are mediated by chiral and nonracemic

catalysts. The enantioselective C�H, C�C, C�O, and C�N bond formation

have been extensively studied using asymmetric homogeneous catalysts

(Mlynarski & Paradowska, 2008). However, they do not comply with the

atom economy at the industrial level, primarily due to the inability to recover

the catalyst. On the other hand, stereochemical selectivity can be introduced

in a heterogeneous catalyst to ensure that a chiral transition state is achieved

(McMorn & Hutchings, 2004). The major disadvantage of heterogeneous cat-

alysts, however, is the presence of an invariable range of active sites that

makes it difficult to control the overall enantioselectivity. Asymmetric catal-

ysis is categorized into metal-catalysis, organocatalysis, and biocatalysis
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(Xiang & Tan, 2020). Biocatalysis involves the use of isolated enzymes as

well as enzymes present inside living cells to perform high stereoselectivity

and chemical transformations of organic compounds. While an impressive

number of such catalysts with great efficiency have been reported to date,

most of them are susceptible to improvement in terms of their product selec-

tivity, stability, TOF and TON, cost and availability, ease of preparation, and

recyclability.

7.4 Enzyme catalysis

Enzymes are enantiomerically pure, natural catalysts, responsible for con-

serving the chirality in living systems (Liu, Zhang, & Wang, 2015). They

catalyze the synthesis of a vast number of biomolecules and act as a model

for energy-efficient, environmentally benign chemical agents. Enzymes differ

from ordinary synthetic chemical catalysts as they can catalyze reactions at

physiological temperature and pH and with enviable rates and selectivity.

Ever since their discovery a century ago, enzymes have fascinated chemists

and biologists alike. Because of their specificity and affinity, there is an

ever-increasing demand for enzyme mimics or artificial enzymes that can

overcome the shortcomings of a natural enzyme (Fig. 7.4).

The form and function are inseparable in biology, and this key concept

equally applies to enzyme design. Although a quantitative accounting of

enzyme efficiency still eludes us, extensive biochemical, mechanistic, and

computational analyses, coupled with an explosion in sequence and structural

data, have provided a solid qualitative understanding of how these catalysts

function (Hilvert, 2013). Designing an enzyme combines a rational vision of

the net outcome and its translation into a sequence of amino acids. It

involves the creation of proteins or peptides with novel activity and purpose

with an aim to advance understanding of protein functions. With the

FIGURE 7.4 (A) Patents granted on some of the industrially important enzyme mimics

between 2014 and 2020. (B) Current status of peptide-based catalyst hits in Scifinder as of April

30, 2020.
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advancements in various computational tools, the field of protein design has

grown enormously in the past two decades. It is easy to make large libraries

of proteins with diverse sequences, but the actual challenge lies in getting

predetermined properties such as a three-dimensional fold and catalytic func-

tions. The efficiency and selectivity of catalytic proteins enzymes have

inspired a generation of scientists to develop various approaches to design de

novo catalytic protein and peptides. The process provides a challenging test

of our understanding of enzyme function, while laying the groundwork for

the design of more efficient and robust catalysts. Various computational tools

capable of screening large virtual protein libraries have contributed to

understanding the basis of protein folding and design (Jerath, Hazam, &

Ramakrishnan, 2014; Jerath, Hazam, Shekhar, & Ramakrishnan, 2016;

Kumar, Ramakrishnan, Ranbhor, Patel, & Durani, 2009; Mehra, Jerath,

Ramakrishnan, & Trivedi, 2015; Metri et al., 2014; Ranbhor et al., 2018;

Shaw et al., 2010).

Before diving deep into peptide-based artificial enzymes, it is highly rele-

vant to acknowledge those factors that are responsible for such exquisite cat-

alytic success.

The mechanism of enzyme catalysis is best described by the transition

state theory, first reported by Eyring in 1935. According to this theory,

enzyme catalysis starts with the formation of the enzyme2 substrate com-

plex (ES) that undergoes a series of chemical transformations to give the

activated complex (ES�). The substrate is then converted to the product, thus

forming the enzyme-product (EP) complex before the final product is being

released. Pauling in 1948 proposed that enzyme catalysis occurs due to its

ability to stabilize the transition state structure for the reaction relative to

that of the substrate’s ground state (Schowen, 1978). Fig. 7.1 illustrates the

free energy diagram for an unimolecular enzyme-catalyzed reaction.

7.4.1 Enzyme active site

An enzyme active site is a cleft formed by an array of amino acids that binds

to the substrate in an intermediate conformation and determines the effi-

ciency of enzymatic catalysis. Often, the proximity of the amino acids in the

active site is due to the precise three-dimensional folding of the primary

amino acid sequence. The structural flexibility of the active site offers high

catalytic efficiency to an enzyme. The active site, in general, is characterized

by the presence of polar amino acids such as histidine, serine, aspartate,

lysine, glutamate, and cysteine, which directly interact with the substrate to

form an intermediate complex. Researchers over the years have found that

only 11 out of the 20 naturally occurring amino acids possess catalytic prop-

erties. Table 7.1 summarizes the most common amino acids found in the

active site and the characteristic properties of their catalytic groups.
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TABLE 7.1 The function of catalytic groups in amino acids.

Amino acid Catalytic

group

pKa Function

Histidine Imidazole 6
(approx.)

General acid,
general base,
nucleophile

Proline Imine � Nucleophile,
especially to
C5O

Cysteine Thiol 8.3 Strong
nucleophile

Arginine Guanidinium 12.5 Stabilizes
double H-
bonding
interactions
with CO2

2

and PO2
2

Lysine Amine 10.8 Nucleophile,
especially for
C5O

Glutamate Carboxylate 4.3 General base
or a
nucleophile

(Continued )
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TABLE 7.1 (Continued)

Amino acid Catalytic

group

pKa Function

Aspartate Carboxylate 3.9 General acid
near neutral
pH

Glutamine Amide � Unreactive
unless they
are primed
by
interaction
with another
residue

Asparagine Amide � Unreactive
unless they
are primed
by
interaction
with another
residue

Serine Hydroxyl 13
(approx.)

Nucleophile
when the
proton is
removed
from OH by
a strong
general base

Threonine Hydroxyl 13
(approx.)

Nucleophile
when the
proton is
removed
from OH by
a strong
general base

Tyrosine Hydroxyl 11 Nucleophile,
especially for
phosphorus
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Amino acid residues like aspartate, glutamate, and histidine, in particu-

lar, serve as proton donors or acceptors during the chemical transformation.

The active site conformation is further supported by the secondary structure

(α-helix or β-sheet structure) of the polypeptide chain. In addition, some

enzymes contain a nonproteinaceous component called the prosthetic group

that is tightly bound to the enzyme and facilitates its function by acting as

an electron acceptor. One such example is the heme-iron prosthetic group

in catalase. Cofactors are another type of nonprotein molecule in certain

enzymes that directly affects the enzyme function. They are different from

a prosthetic group as they are loosely bound to the enzyme and may

undergo modification during the enzymatic reaction. Cofactors can be

either metallic or organic in nature. Several factors affect the substrate

binding to the enzyme active site. A few of them are discussed in the fol-

lowing section.

7.4.1.1 Proximity and orientation effect

The binding of the enzyme and substrate results in the ES complex that acts

as a single molecule having a faster rate of reaction due to the low entropy

of the reactants. The proximity and the orientation of the ES complex align

the reactive groups into optimal orientation for the reaction to be successful.

This is known as the proximity and orientation effect and plays a significant

role in intramolecular catalysis. It is reported that the transition state has rel-

atively better interaction with enzymes as compared to the substrate itself

(Lienhard, 1973). This induces the structural arrangement, which strains sub-

strate bond into a position closer to the conformation of the transition state.

This in turn decreases the energy difference between transition state and sub-

strate, which means lowering of the activation energy, and resultingly

enhancement in reaction kinetics.

7.4.1.2 Proton donors or acceptors

Enzymes are large molecules and may possess both acidic and basic groups

in their active sites. Such proton donor or acceptor groups may help to stabi-

lize the charge accumulated during the transition state. This results in the

effect of activating electrophile and nucleophile groups or stabilizing leaving

groups. Histidine is predominantly found in the active site of many acid-

2 base catalysis reactions because it has a pKa around 7, which allows it to

act as both an acid and a base. In addition, the presence of charged residues

such as Glu, Lys, Arg, and Asp promotes ionic interactions, thus stabilizing

the charge transition state of the catalyst. Sometimes, the involvement of

metal ions in electrostatic catalysis, as in the case of carboxypeptidase,

decreases the pKa of water, making it an effective nucleophile (Makinen,

Kuo, Dymowski, & Jaffer, 1979).
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Most highly evolved enzymes depend on constellations of catalytic resi-

dues to promote demanding chemical transformations. Incorporating arrays

of precisely positioned functional groups into protein binding pockets and

tuning their reactivity, therefore, represent important challenges for protein

design. Proton transfer reactions, the key to the function of many extraordi-

narily efficient enzymes, are ideal for exploring strategies for properly posi-

tioning acid and base groups.

The inherent properties of an enzyme, such as its enantioselectivity, have

been widely exploited in organic synthesis for the synthesis of chiral pro-

ducts from achiral precursors. However, the industrial application of

enzymes is restricted largely due to their instability in harsh conditions such

as elevated temperature, pH, presence of organic solvents, and oxidative fac-

tors (Chapman, Ismail, & Dinu, 2018). This has led to a new frontier in

catalysis research called enzyme mimetic.

7.5 Enzyme mimetics

Enzyme mimics are artificial enzymes that have heralded much interest as a

viable alternative to natural enzymes in terms of their functions. Besides,

they offer additional advantages such as tunable structures, high stability,

and lower cost of synthesis (Kuah, Toh, Yee, Ma, & Gao, 2016). Enzyme

mimics can be designed using two approaches; functional and structural.

Functional mimics generally incorporate metal complexes with a similar

activity of the natural enzyme, while structural mimics translate the

enzyme’s active site structure using functional moieties (Labádi, Benkő,

Markó, & Szilágyi, 2009). To date, different types of enzyme mimics have

been reported, ranging from protein redesign, nanocatalysts, metallopeptides,

and supramolecular structures (Fig. 7.5) (Kuah et al., 2016).

FIGURE 7.5 Various strategies employed in the development of artificial enzyme catalysts. It

includes (A) quantitative assessment of catalytic function using theozyme, (B) developing metal-

lopeptides, (C) incorporation of nonnative cofactors, (D) Substitution of natural metal ion, (E)

incorporation of unnatural amino acids in the protein and peptide scaffolds.
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7.5.1 Single amino acid mutations can impart high catalytic
activity onto a protein

Redesigning of natural protein scaffolds represents the most expeditious yet

less ambitious route to new catalytic activity. The combination of rational

and random mutation in the existing active site can drastically alter its func-

tion (Shao & Arnold, 1996). For example, a single mutation in the active site

of the pyridoxal phosphate-dependent racemase resulted in an aldolase.

Researchers rely on several techniques even at the genetic level to generate

the desired properties, such as improve stability, broaden substrate specific-

ity, increase tolerance to nonnatural conditions, augment stereoselectivity,

and enhance trace activities (Chen, 2001; Korendovych, 2018; Shao &

Arnold, 1996). Also, the substitution of active site residues is likely to yield

profound changes in terms of the enzyme’s kinetic parameters as well as

their selectivity.

The genetic level mutation is not restricted to the active site only.

Instead, distant mutation can also subtly re-orient the binding pockets sub-

stantially. A striking demonstration by Fa et al. highlights the power of sin-

gle amino acid mutation in re-engineering DNA-polymerase (Fa, Radeghieri,

Henry, & Romesberg, 2004). The designed enzyme showed promising results

in the encoded synthesis of unnatural biopolymers. Considering the large

prospects of such mutations, it is important to have a fair amount of knowl-

edge to predict which amino acid substitution is more likely to cause mean-

ingful modifications.

Carter et al. have earlier reported that the replacement of Asp-32 with

Ala in the paradigmatic Asp-His-Ser catalytic triad of the serine protease

produced a variant that is 1024 times as active as the wild-type (WT) (Carter

& Wells, 1988). Their study has further highlighted the presence of hydrogen

bonding between Asp-32 and His-68 residues. Hokenson et al., in a separate

study, reported nucleophile eliminating mutations in β-lactamases by repla-

cing Ser70 with Ala. This yielded a kcat B106-fold higher opening of the

β-lactam ring of penicillin antibiotics than the background (Peracchi, 2001).

The advancements in this field of research have led to the design of enzymes

that display catalytic promiscuity for reactions that are not seen in nature

(Leveson-Gower, Mayer, & Roelfes, 2019). Johnsson et al., in their early

attempts, have reported that the introduction of a catalytically active amino

acid residue, lysine, into a nascent hydrophobic cavity can promote the cata-

lytic reaction of oxaloacetate to pyruvate at 3�4 orders of magnitude faster

than the control reaction (Johnsson, Allemann, Widmer, & Benner, 1993).

In a similar study, Baltzer et al. introduced a histidine residue onto the

surface of a helix-loop-helix containing polypeptide and found that the pep-

tide could catalyze the hydrolysis of p-nitrophenyl esters in water as well as

water-trifluoroethanol mixtures at three orders of magnitude above the con-

trol (Broo, Brive, Ahlberg, & Baltzer, 1997). They have extended their study
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by changing the percentage of histidine residues or introduced glutamine,

arginine, and lysine mutations in the sequence. While the rate of the p-nitro-

phenyl ester hydrolysis reaction has reduced significantly, the designed cata-

lysts showed an enantiomeric preference for D-norleucine p-nitrophenyl ester

being hydrolyzed faster (Broo, Brive, Sott, & Baltzer, 1998).

7.5.2 Incorporation of unnatural amino acids as a minimalistic
approach for enzyme design

UAAs consist of a diverse range of side-chain modifications in amino acids.

They have been widely studied to generate structures and functions that are

absent in natural amino acids (Gaurav & Santhoshkumar, 2020; Goyal, Jerath,

Akhil, et al., 2021; Goyal, Jerath, Chandrasekharan, et al., 2021; Goyal, Jerath,

Chandrasekharan, Kumar, & Ramakrishnan, 2020; Hazam, Akhil, Jerath,

Saikia, & Ramakrishnan, 2019; Hazam, Jerath, Chaudhary, & Ramakrishnan,

2018; Hazam, Jerath, Kumar, Chaudhary, & Ramakrishnan, 2017; Jerath,

Goyal, Trivedi, Santhoshkumar, & Ramakrishnan, 2019; Kumar et al., 2009;

Prakash, Ranbhor, & Ramakrishnan, 2020; Ramakrishnan, Ranbhor, Kumar,

& Durani, 2006; Ranbhor, Ramakrishnan, Kumar, & Durani, 2006).

Incorporation of UAAs beyond the 20 proteinogenic residues to mimic post-

translational modifications may result in enzymes with significantly enhanced

catalytic activity (Saikia et al., 2021). The genetically coded amino acids with

the rare exception of selenocystein85 and pyrrolysine86 drastically limit the

chemistry with their functional groups like hydroxyl, carboxyl, thiol, and aro-

matic side chains. Among the various strategies, residue-specific and site-

specific chemical modifications of amino acid side chains are becoming the

preferred approach. For example, the substitution of the phenylalanine or tryp-

tophan residues with a naphthyl or biphenyl aromatic groups increases the

side-chain hydrophobicity apart from affecting the π-stacking interaction with

the respective protein-ligand (Nannemann, Birmingham, Scism, & Bachmann,

2011). Green et al. chemically designed Nδ-methyl histidine ligand in an ascor-

bate peroxidase (APX2) that overcomes the inherent reliance on the Asp-His

hydrogen bonding interaction. This resulted in significantly higher TON com-

pared to the native enzyme without compromising the catalytic efficiency

(Green, Hayashi, Mittl, & Hilvert, 2016).

7.5.3 De novo design of peptide-based enzyme mimics

The late 1960s and early 1970s of the last century mark the beginning of a

new era of protein catalysts. Small fragments of natural proteins such as

adrenocorticotropic hormone and RNase A had been shown to retain the sub-

stantial biological activity of the parent molecule (Boissonnas, Waller, &

Jaquenoud, 1956). Over the years, the revolutionary invention of the solid phase

peptide synthesis method by Merrifield (1963) (Merrifield & Woolley, 1956)
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and Chou and Fasman’s finding (Chou & Fasman, 1978) of the distribution of

20 natural amino acids in α-helix, β-sheet, and β-turn have allowed to success-

fully construct artificial polypeptides. Fig. 7.6 summarizes the strategy of devel-

oping a biomimetic peptide catalyst.

Researchers over the years have made great progress in the design of

polypeptides possessing stable structures even at the amino acid level

(Bhardwaj et al., 2016; Rufo et al., 2014). One promising strategy to rede-

sign or mimic an enzyme is to take advantage of existing features of the

original active site, such as the substrate-binding pockets and the most abun-

dant functional groups. This reduces the effort to mimic the activity, at least

in a mechanistic sense, to the original function of the protein. Another strat-

egy is to insert amino acids with novel functional capabilities into the

designed sequence. This may significantly expand the range of accessible

reactions (Shaw, 2012). The incorporation of redox-active or metal-binding

residues in the active site will further extend this approach (Zozulia, Dolan,

& Korendovych, 2018).

However, the construction of an artificial enzyme is a complex process

and requires the formation of an active site in a tertiary fold.

7.5.4 Peptide-based minimalist approach of enzyme catalysis

The ability to generate molecules that are capable of mimicking the active

site of an enzyme represents a promising strategy in enzyme design.

Synthetic peptides are able to generate exact copies of a protein fragment

apart from allowing diverge chemical modifications, including the incorpo-

ration of nonproteinogenic amino acids and modification of peptide back-

bone. Such modification in synthetic catalytic peptides increases their

proteolytic stability and diversity in terms of substrate selectivity.

The field of peptide-based catalysis had a humble beginning with the

simplest form of designs containing homopolymers of amino acids such as

Enzyme
e.g., acetylcholinesterase,

PDB 1QTI

Active site
contains catalytic triad Simple, tunable,

Peptide organocatalyst

tailor-mode and functional

Minimalistic

design
de-novo

H-bond donor
or acceptor

i+1

i

i+2

i+3Catalytic

residues

Cat N

O

O

X

N
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R’
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H
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PG

FIGURE 7.6 Summary of peptide catalysts. The active site containing the catalytic triad is

carefully studied with an aim to design its structural or functional mimics using synthetic

peptides.
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poly-His (Merrifield & Woolley, 1958) and dipeptides, poly(Leu-Lys)

(Barbier & Brack, 1992) that could hydrolyze suitable esters and oligoribonu-

cleotides but with very low activity. Such findings have paved the way for the

true de novo design of peptide catalysts. Chakravarty et al. in 1973 reported

weak glycosidase activity in an α-helical decapeptide EFAAEEAASF that was

designed to mimic the active site of lysozyme (Chipman & Sharon, 1969). They

concluded that the enzymatic activity is triggered by the increased pKa of the

side-chain carboxyl group of the active-site Glu (Glu6) that was sandwiched

between the aromatic rings of Phe2 and Phe10. In another study, Gutte et al.

designed a 34-residue polypeptide containing histidine and two cysteine residues

that form an antiparallel ββα-fold. The peptide showed preferential binding to

cytidine phosphates and had substantial ribonuclease activity (2.5% of the spe-

cific activity of natural RNase A). The peptide complex was stable even at

0.1 M formic acid. This discovery showed that the design of the de novo cata-

lytic peptide was in reach and can be directed to emulate natural enzymes.

In general, peptide mimetics involve three different approaches based on

the sequence, structural, and functional information about the enzyme’s

active site. The ability to screen large combinatorial libraries, biased to favor

specific folds, has significantly enhanced the discovery of peptide catalysts

for a broad range of chemical transformations such as aldol and redox reac-

tions (Fig. 7.7) (Davie, Mennen, Xu, & Miller, 2007). The main features of

the minimalist approach for peptide catalysts are outlined in the following

sections.

FIGURE 7.7 General approach followed for rational enzyme design. The main steps are in

black squares. Computational tools (blue boxes) and wet-lab experiments (green boxes) aid along

the process (thin arrow).
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7.6 Structural design of the artificial peptide-based enzyme

X-ray crystallography and NMR studies revealed that the most well-defined

secondary structures in a protein structure are α-helices and β-sheets. These

structures are held together by the intramolecular hydrogen bonds, for exam-

ple, between the hydrogen bond donor NH and the acceptor COOH in the

protein backbone, that provide a rigid and stable framework for proteins

(Branden & Tooze, 1999). In the case of an enzyme, the catalytic groups are

attached to this framework through their side chains. The catalytic activity

largely depends on the structural stability of the enzyme and the microenvi-

ronment of the active site. Therefore the focus on peptide-based enzyme

mimics has mostly been on designing helical or sheet peptides. The position-

ing of the catalytic groups must be carefully examined during such designs.

For example, an HPPHPPP sequence, where H represents a hydrophobic

group and P represents a polar group, forms an α-helical coiled-coil while an

alternating H and P residues in the sequence (HPHP) results in a sheet con-

formation (Zozulia et al., 2018). One strategy is to rationally replace a P

with a catalytic residue, thus retaining the hydrophobic skeleton of the pep-

tide. Another strategy involves exploiting other intermolecular interactions,

such as the π2π stacking between the aromatic groups that would facilitate

the formation of β-sheet structures (Fleming & Ulijn, 2014). However, it is

not always necessary to mimic the secondary structure of the natural enzyme

to achieve its functionality as long as it maintains the core features of the

catalytic active site. In one such example, Zastrow et al. have inserted the

active site of carbonic anhydrase (CA) and nitrite reductase into helical-

stranded coiled-coil scaffolds and achieved considerable catalytic activity

(Zastrow, Peacock, Stuckey, & Pecoraro, 2012). In another study, Qi et al.

have found a structure-activity correlation among the designed peptides.

While the helix-forming assemblies showed high activity for phosphoester

hydrolysis, the β-sheet assemblies did not catalyze the reaction at all. They

attributed this “partiality” to the distinct dipole moment present in the helical

peptides, resulting in a greater affinity to the phosphate group.

7.6.1 Optimization of the catalytic microenvironment

The catalytic microenvironment is the spatial region surrounding the cata-

lytic groups that comprise both the catalytic and noncatalytic residue side

chains. In the case of peptide-based enzyme mimics, these amino acid side

chains often form a stereospecific structure responsible for substrate recogni-

tion and orientation. The pKa(s) of the catalytic groups are affected by the

neighboring residue side chains. In addition, they also determine the polarity

and pH of the microenvironment, which in turn affects the TON and sub-

strate binding. Studies by Yang et al. demonstrated the effect of the X resi-

due on the catalytic activity of a β-sheet-forming peptide (Fmoc-FFXAH-
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NH2) (Wang & Qi, 2020). By replacing the X with other residues, they could

alter the hydrophobicity and charge of the peptide, which in turn resulted in

different catalytic efficiencies. Their findings also highlight the role of self-

assembly on the catalytic microenvironment. During the self-assembly of a

hydrophobic peptide, a hydrophobic core is formed where the substrate con-

centration is usually higher. This results in enhanced reaction kinetics.

7.7 Self-assembling peptide catalysts

During the primordial times on earth, there were no enzymes as we know

them today. Instead, it is believed that short peptide units were the “primitive

enzymes” that helped in the production of more complex molecules from

simple precursors. Based on evolutionary biology, it is reasonable to simulate

the functions of natural enzymes using self-assembling peptides because, just

like in an enzyme, the catalytic groups in a peptide unit come from the

amino acid side chain. In addition, peptide assemblies formed using various

noncovalent interactions generate a hydrophobic microenvironment that

facilitates the accumulation of reactants at their active site. Researchers over

the years have developed short self-assembling peptides, tripeptides to hepta-

peptides, that can efficiently catalyze simple chemical reactions under physi-

ological conditions with or without cofactors. Supramolecular self-assembly

of short peptides offers a minimalistic approach to mimic the functional

properties of a multifaceted biocatalyst such as the active site or a hydro-

phobic pocket (Makam & Gazit, 2018). They have been utilized to assem-

ble catalytic functional groups in a nanoenvironment that is adequate for

efficient organic transformations. Micelles formed by amphiphilic peptides

(Cleij, Drenth, & Nolte, 1991), peptide-nanoparticle complexes (Zaramella,

Scrimin, & Prins, 2012), and rigid-rod β-barrels (Das, Sakai, & Matile,

2002) are the most significant examples.

The efficiency of their catalysis may be attributed to the combination of two

factors; (1) affinity to substrate binding and (2) proximity effects of the catalytic

moieties (Singh, Tena-Solsona, Miravet, & Escuder, 2015). Recent studies also

suggest catalytic efficiency in peptide-based nanotube and nanofiber structures

(Dı́az, Kühbeck, & Koopmans, 2011). Amyloid-like materials are extremely

robust over a range of temperatures and pressures, highlighting their potential

use in the development of catalysis beyond the tolerance of most protein

enzymes.(Luong et al., 2016) In the first report of supramolecular assembled

peptide catalyst, Stupp et al. showed well-defined peptide-based catalytic nanos-

tructures in aqueous media (Guler & Stupp, 2007). The initial discovery of de

novo designed amyloid catalysts led different groups to expand the sequence

space of the peptides and the reactions catalyzed. The ability to perform organic

reactions in aqueous media motivated the designing of amphiphilic peptide

molecules that formed hydrogels. Escuder and Miravet’s groups have exten-

sively studied the catalytic activity of L-proline-based supramolecular gelators
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in C2C bond forming reactions, such as aldol addition reactions (Rodriguez-

Llansola, Escuder, & Miravet, 2009; Rodrı́guez-Llansola, Miravet, & Escuder,

2009; Rodrı́guez-Llansola, Miravet, & Escuder, 2010). In addition, Lynn et al.

have demonstrated enantioselective chemical reactions using simple peptide

assemblies (Omosun et al., 2017). Fluorenylmethyloxycarbonyl containing

Fmoc-tripeptide with histidine as a catalytically active residue (Fmoc-FFH-

CONH2) has been reported, which self-assembles at pH 7.5 to form nanotubes

capable of catalyzing the hydrolysis of p-nitrophenyl acetate (PNPA) in aqueous

conditions (Huang et al., 2013). Our group has studied the role of proline posi-

tion and aromaticity on the epitaxial growth and hydrogelation properties of a

series of tripeptides at physiological pH (Saikia et al., 2021).

While there is an ever-increasing number of report on peptide-based

supramolecular catalysts, the stereoselectivity and efficiency of such systems

are yet to match with that of an enzyme. Several parameters, such as temper-

ature, solvent, and chirality, may affect the catalysis and must be considered

in detail, with an aim to control the reaction performance by tuning the struc-

ture at the molecular or supramolecular level.

7.8 Peptide mimics with enhanced catalytic efficiency

It is desirable for a catalyst to be highly specific and catalyze one or a certain

type of reaction. This property is important for industrial applications, especially

in the pharmaceutical industries that demand the production of single enantio-

mers for reduced health hazards. In order to preserve the high specificity of a

natural enzyme, the peptide-based enzyme mimic must have greater interactions

between the exposed hydrophobic surface of the assembly and hydrophobic

moieties of the substrate (Berdugo, Miravet, & Escuder, 2013). Zhu et al. devel-

oped a strategy for constructing an artificial hydrolase with customized selectiv-

ity by coating the surface of catalytic peptide nanofibers with the imprinted

polymer layer (Zhu, Wang, Qi, Su, & He, 2019). By replacing the polymeriza-

tion process with supramolecular assembly, Wang et al. obtained a hydrolase

mimic through the co-assembly of Fmoc-tripeptides (Wang et al., 2016). In the

case of proline-based asymmetric aldol or Mannich reactions, the selectivity

arises from the steric effects during different intermediate states of the catalytic

pathways (Fig. 7.2B) (Rodriguez-Llansola et al., 2009; Singh & Escuder, 2017).

7.9 Peptide-based artificial metalloenzyme

The active site of a metalloenzyme comprises of a metal complex where a

transition metal monomer or dimer is coordinated by a few amino acids

(Vallee & Williams, 1968). Biomimicry of such active sites using designed

peptides and metal ions is envisaged as a powerful strategy to create artificial

catalysts. The complementary effect of a highly reactive metal ion and the

peptide’s structural and functional versatility can be translated into reactive
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and selective catalysts. Also, exploring this field provides information regard-

ing the fundamental aspects of molecular recognition in catalysis, protein

design, and protein folding (DeGrado, Summa, Pavone, Nastri, & Lombardi,

1999). The combination of peptides and metal catalysts has been used in sev-

eral asymmetric transformations such as hydrosilylation (Greenfield, Agarkov,

& Gilbertson, 2003), allylic alkylation (Breit & Laungani, 2003), conjugate

additions to enones (Degrado, Mizutani, & Hoveyda, 2001), and Strecker reac-

tion (Josephsohn, Kuntz, Snapper, & Hoveyda, 2001).

Artificial metalloenzymes (ArMs) are assembled using four design strategies

(Fig. 7.8) (Schwizer et al., 2018). The most common design of ArMs involves a

scaffold peptide containing uniquely reactive nucleophilic residues (e.g., histi-

dine) and a corresponding electrophilic reaction partner (e.g., Cu21, Fe21,

Fe31). A reductionist approach has shown that ultra-short peptides (3�7 resi-

dues) can form a well-defined primary coordination sphere around the metal ion

(Mori, Abet, & Inoue, 1995). Kaiser’s helichrome catalyst is among the earlier

examples of synthetic metallopeptide catalysts designed by covalently linking
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FIGURE 7.8 Four general approaches to artificial metalloenzyme assembly. (A) Nucleophilic

residue positioned within a cavity may interact with the transition metal ion. (B) Metal substitu-

tion approach, where another metal substitutes the metalloenzyme’s native metal cofactor, thus

conferring novel catalytic activity to the complex. (C) Supramolecular coordination through a

high-affinity inhibitor embedded inside. (D) Covalent immobilization due to reaction between

the complementary functional groups present in the ligand and the host peptide (Davis & Ward,

2019). Concept from reference Davis, H. J., & Ward, T. R. (2019). Artificial metalloenzymes:

Challenges and opportunities. ACS Central Science, 5(7), 1120�1136.
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four 15-residue peptides to tetrahydroxysuccinamide esters through their N-

terminus (Sasaki & Kaiser, 1989). The design resulted in helix formation with a

hydrophobic substrate-binding pocket. In another study, Dervan et al. reported a

metallopeptide catalyst by rationally modifying a conserved fold with synthetic

metal-binding moiety (Sluka, Horvath, Bruist, Simon, & Dervan, 1987). The

group also reported a Gly-Gly-His tripeptide based on the consensus sequence

present in the copper-binding domain of serum albumin (Mack, Iverson, &

Dervan, 1988). Sambasivan and Ball have convincingly demonstrated the poten-

tial application of the metallopeptides KADAALDAK for enantioselective catal-

ysis upon binding to Rhodium(II) (Sambasivan & Ball, 2010; Sambasivan &

Ball, 2012; Sambasivan & Ball, 2013).

7.10 Exploring unnatural amino acids for de novo peptide-
based metalloenzymes

Few research groups have explored UAAs, including D-amino acids, to

enable designs and functions beyond those accessible using natural amino

acids (Artner et al., 2012). Gilbertson et al. demonstrated that it is even pos-

sible to design a nonhelical secondary structure that specifically binds to the

metal ion and performs catalysis. Using different turn-inducing motifs such

as Pro-d-X, where d-X is a D-amino acid, they have constructed peptides

containing Yyy-Pro-d-X-Zzz, where Yyy and Zzz are phosphoserine residues

(Agarkov, Greenfield, Ohishi, Collibee, & Gilbertson, 2004; Gilbertson &

Pawlick, 1996). The peptides showed excellent metal binding affinity and

moderate catalytic efficiency. Ramakrishnan et al. mimicked the histidine

brace found in lytic polysaccharide monooxygenases (LPMO) by incorporat-

ing a D-His in the C-terminal of a tripeptide sequence. The peptide binds to

Cu(II) at pH 7 to form flake-like heterogeneous structures. Functionally, the

designed catalysts can oxidize benzyl alcohol to benzaldehyde (82% in 3 h)

with 100% selectivity at 40�C (unpublished). Pecoraro mimicked the active

site of the CA using three-helix bundles of TRI peptides with well-defined

metal binding sites for Hg(II) and Zn(II) that are facilitated by three histi-

dines and three cysteine residues (Zastrow et al., 2012).

While such developments are exciting, there is still room for improve-

ment, particularly in the realm of chemical reactivity, where metallopeptides

as catalysts are dwarfed by the sheer number of industrially important chemi-

cal reactions available to small-molecule catalysts.

Case studies

7.11 Aldolase mimic

Aldol reaction is one of the most persuasive carbon2 carbon bond forming

reactions. The addition of a nucleophilic ketone donor to an electrophilic
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aldehyde acceptor in the presence of a chiral catalyst gives access to enantio-

meric rich aldol products (List, Hoang, & Martin, 2004).

Aldolases are a member of the glycolytic enzyme family that is able to

catalyze the aldol reaction in a reversible manner. Aldolase has found appli-

cation in organic chemistry due to its ability to form a new C2C bond from

two carbonyl compounds, together with the formation of a β-hydroxyl car-

bonyl skeleton. This occurs with great regio- and stereoselectivity under

physiological conditions.(Dean, Greenberg, & Wong, 2007) Based on their

mode of catalysis, natural aldolases are divided into two types: Type I and

Type II aldolases. Over the years, researchers have concentrated on mimick-

ing them using different strategies.(Machajewski & Wong, 2000) Type I

mimics is amino acid-based catalysts, which activate the donor via enamine

formation and the acceptor through a hydrogen bond with an acid functional-

ity (Agami, Puchot, & Sevestre, 1986). Type II aldolase mimics consist of

bimetallic catalysts containing a Lewis acidic metal for aldehyde activation

and a Brønsted base for enolate generation to form an active complex

(Yamada, Yoshikawa, Sasai, & Shibasaki, 1997).

7.11.1 Metal ion-free aldolase mimic (Type I aldolases)

In natural Type I aldolase, the catalytic function usually relates to tyrosine and

lysine residues in the active site. Tyrosine, in particular, acts as an acid-base

catalyst and is involved in substrate protonation. Lysine, on the other hand,

stabilized the charge of the resulting conjugate base of tyrosine and the

strained configuration of the C-terminus (Fig. 7.9A). However, during the

design of peptide mimics, L-proline is commonly used as a catalytic group

due to its proven catalytic efficiency for asymmetric aldol coupling reactions

(Eder, Sauer, & Wiechert, 1971; Font, Sayalero, Bastero, Jimeno, & Pericas,

2008). Fig. 7.9B shows the proposed catalytic function of L-proline involving

the enamine mechanism. Escuder and team have extensively studied the

proline-based self-assembling peptide aldolases (Rodriguez-Llansola et al.,

2009; Rodrı́guez-Llansola et al., 2010; Rodrı́guez-Llansola, Escuder, &

Miravet, 2009; Rodrı́guez-Llansola, Escuder, Hamley, Hayes, & Miravet,

2012; Rodrı́guez-Llansola, Miravet, et al., 2009). Using a series of Pro-Val

containing amphiphilic and bolaamphiphilic molecules, they have investigated

the effect of various solvents, temperatures, and composition on the structure

and activity of the catalytic assemblies. They have observed that, compared

with the solution state, the base catalytic ability of the proline residue

increases upon self-assembly. They have attributed this effect to the steric

effect of the heterogeneous organogels that inhibit or reduce the formation of

byproducts. Their study also highlights the importance of supramolecular

assembly in improving the catalytic activity and selectivity of the Type I aldol-

ase mimics (Rodriguez-Llansola et al., 2009).
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In addition, proline residues incorporated into a self-assembling peptide

overcome the limitations possessed by free proline, such as its inability to cata-

lyze reactions in an aqueous medium. Our group has studied the role of peptide

sequence and its stereochemistry on a series of proline-containing tri-peptides

that functionally mimic Type I aldolase mimics (Saikia et al., 2021). The

hydrogel-forming peptides were tested for their ability to catalyze the aldol reac-

tion between cyclohexanone and 4, nitrobenzaldehyde. Our observations suggest

that the position of the proline residue and its stereochemistry directly mediates

the catalytic efficiency and the product stereoselectivity. In another study, Lee

et al. reported a novel hydrophilic di-peptide containing Pro and Lys residues

and a hydrophobic 1,4,5,8-naphthalenetetracarboxylic acid diimide side chain

that formed catalytic nanotube structures (Lee & Parquette, 2015). In the pres-

ence of water, the water-insoluble substrates (p-nitrobenzaldehyde and cyclohex-

anone) were encapsulated in the nanotubes that provided a microenvironment

for aldol coupling. In a similar study, Alves et al. designed a lipopeptide con-

taining Pro-Arg-Try tripeptide that formed catalytic micelles upon self-assembly

(Soares et al., 2017). The designed catalyst had enhanced enantioselectivity

(85%ee) and yield even in the presence of water.

Interestingly, in natural protein, proline is responsible for the formation

of helix or turn configuration in the secondary structure, rather than acting as

a catalytic group. Even so, considering that effective proline-based catalysts

are capable of replacing aldolases in some simple aldol reactions, they can

be considered as an efficient Type I aldolase mimics.
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FIGURE 7.9 The proposed catalytic mechanism of aldolase I. (A) A reactive, nucleophilic

lysine residue attacks the carbonyl of the aldehyde to form a carbinolamine that subsequently

collapses to a Schiff base. The Schiff base tautomerizes to an enamine group and can then attack

a second aldehyde or ketone. After hydrolysis and release of the enzyme, the β-hydroxy-ketone

product is formed. The reactivity of the Schiff base-forming lysine is enhanced by low di-

electric environment. (B) Catalytic mechanism of proline-based enamine catalysis involving tau-

tomerization to nucleophilic enamine, aldol addition, and finally hydrolysis of enamine that

releases the aldol adduct. In appropriate conditions, the chirality on the proline can be transferred

to the aldol adduct.
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7.12 Hydrolase mimic

Hydrolases catalyze bond cleavages by reaction with water (Busto, Gotor-

Fernández, & Gotor, 2010). They are useful to the organic chemist as they

have broad substrate specificity with high stereoselectivity. In addition, they

are independent of any cofactors and can catalyze reactions in an aqueous

medium with high efficiency.

Histidine is predominantly found in the active site of many natural hydro-

lases (Busto et al., 2010). The role of histidine in enzyme catalysis mainly

depends on the features of the imidazole group. Under physiological condi-

tions, imidazole is likely half-protonated, making it available to act as a gen-

eral acid, a general base, or a nucleophile. Thus histidine tends to form

hydrogen bonds, combines a donor and an acceptor, and can take part in

either nucleophilic or basic catalysis. In most of the peptide-based hydrolase

mimics, histidine is introduced in the peptide sequence, and therefore the

proton always comes from water. This generates a nucleophilic hydroxide

that reacts with the ester substrate. In the last two decades, histidine-

containing peptide-based hydrolase mimics of varying lengths have been

reported with different secondary structures (Guler & Stupp, 2007; Huang

et al., 2013; Singh, Conte, Ulijn, Miravet, & Escuder, 2015; Zhang et al.,

2014). In addition, the supramolecular mimic contains closely aligned histi-

dine residues such that enhanced basicity of the imidazole side chain is

achieved due to deprotonation caused by neighboring histidine residues. This

consequently enhances the deprotonation of water, resulting in higher hydro-

lytic activity as compared to the free peptide monomers (Wang et al., 2016).

In another design strategy, a more natural catalytic triad is followed that

comprises of an acid, a base, and a nucleophile. A number of reports suggests

synthesis of artificial hydrolases through the co-assembly of peptide sequences

such as Ser-His-Asp, Cys-His-Asp, and Ser-His-His (Burton, Thomson,

Dawson, Brady, & Woolfson, 2016; Gulseren, Khalily, Tekinay, & Guler,

2016; Wang et al., 2016; Wong, Masunaga, Chuah, Sudesh, & Numata, 2016).

Wang et al. have demonstrated that the co-assembly of Fmoc-FFH, Fmoc-

FFS, and Fmoc-FFD at a 40:1:1 ratio has enhanced hydrolytic activity for

CoA2HSD (3α-hydroxysteroid dehydrogenase) as compared to the individual

peptides (Wang et al., 2016). Apart from histidine, enzymes such as glycoside

hydrolases comprise of aspartic acid and glutamic acid in their active sites

(Moracci, Capalbo, Ciaramella, & Rossi, 1996) (Craik, Roczniak, Largman, &

Rutter, 1987). One of them acts as a general acid and assists the departure of

the leaving group while the other acts as a basic group and attacks the sub-

strate directly or assists the attack as a general base. The complexity of the

active site of glycoside hydrolase has limited the number of reports of its

active site mimics. Wang et al. reported a series of seven residue β-sheet-form-

ing peptides that contain more than one glutamic acid or aspartic acid residue

(He, Zhang, Zhang, et al., 2017). The peptides were found to be highly active
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for the hydrolysis of cellobiose, suggesting that peptides with ordered molecu-

lar confirmation and regular distribution of intramolecular hydrogen bonds

have higher catalytic activities. Similarly, He et al. reported that Glu-rich

Fmoc-heptapeptide nanofiber exhibited hydrolytic activity toward cellobiose

and cellopentaose. They attributed this to the hydrophobic microenvironment

that facilitated proton transfer, an essential step in catalytic hydrolysis (He,

Zhang, Liu, Fang, & Wang, 2017).

7.13 Oxidase mimic

Redox reactions are an integral part of a number of physiological processes

such as photosynthesis, nerve function, muscle contraction, and N2 fixation.

A typical redox reaction involves an oxidoreductase that catalyzes the trans-

fer of electrons from an electron donor (reductant) to an electron acceptor

(oxidant), thus changing the oxidation state. Transition metals such as copper

[Cu(II) and Cu(I)] and iron [Fe(III) and Fe(II)] with variable valance states

are effective electron donors. Based on the knowledge about the interactions

between metals and natural polypeptides, researchers have developed artifi-

cial oxidoreductase mimics with redox activity. It is achieved through metal

ion coordination through noncovalent anchoring of metal and incorporating

metal cofactors. Korendovych et al. designed an oxidase mimic using assem-

bling peptides in the presence of Cu (II) that are able to oxidize dimethoxy-

phenol (DMP) in the presence of molecular oxygen (Makhlynets, Gosavi, &

Korendovych, 2016). By screening a series of β-strand forming peptides,

they also concluded that the catalytic activity was highly sequence-

dependent. The most efficient catalytic peptide (Ac-IHIHIQI-CONH2) forms

a coordination sphere for Cu(II), while the nonfibril forming peptide

(NH22 IHIHIQI2COOH) did not show catalysis. Moreover, the replace-

ment of His in position 2 or 4 in the sequence with Ala resulted in signifi-

cantly reduced activity. In addition to copper and iron, few researchers have

also employed rare transition metals to design oxidase mimics through direct

coordination. Lee et al. developed a peroxidase mimic using histidyl bola

amphiphiles that are coordinated to Mn(II) ions (Kim & Lee, 2015). In the

presence of H2O2, the catalyst showed a high conversion of the organic sub-

strate. In the case of an ArM system, based on the properties of the binding

sites and the metal ions, the coordination between the protein and the metal

ion varies drastically.

7.13.1 Lytic polysaccharide monooxygenase

LPMOs are metalloenzymes that activate molecular oxygen and cleave the

C2H bond in polysaccharides (Ciano, Davies, Tolman, & Walton, 2018)

and has found major industrial implications in recent years (Arora, Bharval,

Sarswati, Sen, & Yennamalli, 2019; Horn, Vaaje-Kolstad, Westereng, &
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Eijsink, 2012). LPMOs utilize copper as their functional, active site metal

for oxidizing recalcitrant polysaccharides in nature. The LPMO domains usu-

ally comprise 200�250 amino acids that drastically restrict their commercial

application due to the excessive cost associated with their synthesis and sta-

bility at a range of temperature and pH. Interestingly, various spectroscopic

and computational investigations have provided insights into the three-

dimensional copper-containing active center featuring the “histidine brace”

(Ciano et al., 2018; Kjaergaard et al., 2014; Span & Marletta, 2015; Walton

& Davies, 2016). The histidine brace is conserved and comprised of a single

divalent copper ion, which is chelated by two nitrogen atoms of histidine at

position 36 (one atom from the backbone and one from the side chain) and a

nitrogen atom from a second histidine at position 135, forming an overall T-

shaped 3 N configuration (Ciano et al., 2018; Vaaje-Kolstad, Forsberg,

Loose, Bissaro, & Eijsink, 2017). The main chain amino group of the N-

terminal histidine (His1) and imidazole side chain contributes two of its

nitrogen while the second conserved histidine contributes the third nitrogen.

7.14 Conclusions and future prospects

Replicating the enzyme functions using synthetic materials is not new; how-

ever, using a biologically derived component such as peptides to construct

enzyme mimics has only begun recently. Over the years, the progress in our

understanding of how enzyme functions has allowed us to induce nascent cata-

lytic activities using strategically placed single amino acid mutation. This also

suggests that the application of even crude design concepts can generate sig-

nificant catalytic activity, thus paving the way for subsequent, direct evolution.

The developments in the field of peptide chemistry and its fusion with biology

have allowed researchers to overcome several major challenges associated

with protein design. A critical advantage of using short oligopeptides is their

small size compared to an enzyme, thus enabling easy molecular design. Also,

a short sequence of 8�10 residues offers high-throughput screening methods

to completely probe all the possible peptide sequences. Self-assembling short

peptides and their ability to form supramolecular assemblies have unique

advantages from the point of practical applicability.

Nevertheless, the growing interest in peptide-based enzyme mimics also

presents severe bottlenecks, and therefore research must be focused on a num-

ber of challenges. First, the design of a de novo peptide sequence that balances

the basic principles of self-assembly and enzymology. By now, it is evident

that the size, shape, and microenvironment of the peptide assembly are strictly

related to the catalytic efficiency of the enzyme mimic. Second, the incorpo-

ration of UAAs such as D-amino acids in the peptide sequence may overcome

the steric hindrance present in a syndiotactic peptide design. This may yield

structures beyond the scope of poly L-amino acids and with reduced sequence

lengths. For example, the formation of right- or left-handed helices may
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generate a novel configuration for stereoselective catalysis. Third, there is a

lack of general principles for the design and reconstruction of peptide-based

enzyme mimics. Most of the reported peptide catalysts exploit a limited num-

ber of essential reactive groups to form the active sites. The ability to repro-

duce a natural microenvironment with adequate proximity and orientation is

challenging in artificial mimics. This might be the reason why the TOF and

the catalytic efficiency of the supramolecular catalysts is rarely comparable to

the natural enzyme even though they are robust and recyclable. Fourth, in the

case of metalloenzymes, the coordination energy between the metal ion and

functional groups (B40�80 kJ/mol) is significantly higher than the driving

force for the monomer self-assembly. The co-assembly of the metal ions

results in competition between the metal bonding and the peptide self-

assembly, which in turn affects the formation of well-ordered catalytic struc-

tures. Therefore it is important to investigate the metal type, coordination

number, peptide sequence, and metal:peptide stoichiometry in order to design

effective enzyme mimics.
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Guwahati, Assam, India

8.1 Introduction

Supramolecular chemistry is an interdisciplinary field referring to the physi-

cal, chemical, and biological aspects of molecular assemblies having more

complexity than their respective individual molecules (Jayawickramarajah &

Wilson, 2017). According to Nobel laureate Lehn, supramolecular chemistry

refers to the domain of chemistry beyond the realm of the normal molecules

(Lehn, 1993). Supramolecular chemistry of biomolecules and bioinspired

molecules has attracted tremendous interest due to their acknowledged

importance in the construction of novel functional materials and in revealing

the mechanisms of birth and evolution of natural living organisms.

Bioinspired materials are synthetic materials whose structure, properties, or

function mimic those of natural materials or living matter (McConney,

Anderson, Brott, Naik, & Tsukruk, 2009). Molecular self-assembly is a spon-

taneous organization of molecules into a stable and well-defined structure

under equilibrium conditions through noncovalent interactions (Bromley,

Channon, Moutevelis, & Woolfson, 2008). It is a powerful tool in the synthe-

sis of functional nanostructures as a bottom-up fabrication approach

(Whitesides & Grzybowski, 2002). Top-down approaches are concerned with

the protein engineering and modifications of already existing proteins,

whereas the bottom-up approach allows for complete design and control over

size, shape, folding, and assembly of the targets (Boyle & Woolfson, 2012).

Self-assembly is a spontaneous process of organizing molecules into

ordered structures resulting from intramolecular and intermolecular interac-

tions. The self-assembly process is controlled by the balance of attractive or

repulsive forces within and between molecules. In most cases, a thermody-

namically stable structure is formed through enthalpic and entropic interac-

tions that involve the basic assembling units and the reacting solvent
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molecules (Stephanopoulos, Ortony, & Stupp, 2013). Electrostatic interac-

tions, hydrophobic interactions, hydrogen bonding, and π2π stacking,

together contribute to the overall stability of the assembly (Stupp, 2010).

The self-assembly process results in the generation of many biological

molecules, such as DNA double helix, protein’s secondary and tertiary struc-

tures, and cell membrane formation after phospholipid assembly (Yadav,

Sharma, & Kumar, 2020). Peptides have drawn significant attention for self-

assembly due to their simple structure, relative chemical and physical stabil-

ity, diversity in sequences and shapes, and the feasibility to synthesize them

in large amounts. In addition, peptides are known as useful building blocks

for creating self-assembled nanomaterials due to their intrinsic biocompati-

bility and biodegradability.

This chapter focuses on the de novo design of peptide-based systems that

are directed toward the self-assembly of biomaterials (specifically fibrous

biomaterials and hydrogels) and discrete nanoscale objects.

8.2 Peptide-based functional materials

A good peptide design strategy starts with identifying potential bioactive

candidates, followed by optimizing the sequence to improve the molecules’

stability and reactivity. Several points should be considered during peptide

design such as peptide length, solubility, cross-linking, and stability. The

native peptide sequences can be modified or conjugated with other molecules

to increase stability and activity. Random or site-specific modifications can

also be implemented to increase the specificity of peptides toward the target

(Trasatti, Woo, Ladiwala, Cramer, & Karande, 2018). These strategies, often

based on the deep learning algorithms (Tran, Zhang, Xin, Shan, & Li, 2017),

intensify the hope to generate new de novo designed peptides with targeted

applications.

Diversification of chain stereochemistry offers tremendous increase in the

peptide or protein design space (Kumar & Ramakrishnan, 2010;

Ramakrishnan, Ranbhor, & Durani, 2005). Tacticity refers to the arrange-

ment of successive chiral centers in a polymer (Ramakrishnan, Ranbhor,

Kumar, & Durani, 2006). Peptides and proteins are polymers of amino acids

with an immutable main chain and variable side chain. The C-alpha carbon

in the amino acid is the stereo-center in the peptide main chain. The allowed

region in the Ramachandran map for L-amino acid is restricted owing to the

stearic hindrance of different side chains. This restriction limits the protein

folding space accessible on the Ramachandran map to design the new pep-

tide sequences. The incorporation of D-amino acids in the peptide sequence

helps in accessing the “forbidden” region of the Ramachandran map for new

peptide sequences composed of L and D-amino acids (Fig. 8.1). An isotactic

polypeptide sequence is characterized by amino acids having L or D-

stereochemistry, whereas a syndiotactic sequence has a stereo-regular
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arrangement with alternate L and D-amino acids (or vice versa) in succes-

sion, and a heterotactic polymer is a random distribution of L and D-amino

acids in a sequence. Syndiotacticity in polypeptide was reported in

Gramicidin, an antibacterial peptide (Urry, Goodall, Glickson, & Mayers,

1971), which leads to the formation of Π(L,D) helical structure. The formed

helix is thermodynamically more stable than the isotactic alpha helix with (i,

to i1 5) hydrogen bonding pattern. Therefore the syndiotactic backbone in

Gramicidin leads to the formation of stable Π(L,D) helices. This design tem-

plate, in theory, provides the template needed to design peptides with tai-

lored properties such as charge distribution and structural amphipathicity.

Heterochiral molecular designs, such as self-assembling organic nanotubes,

make use of short cyclic peptides with alternating L and D-amino acid

(Ghadiri, Granja, Milligan, McRee, & Khazanovich, 1993). Using stereoche-

mically constrained unnatural amino acids, it is possible to stabilize second-

ary structures or design new conformations (Kumar, Ranbhor, Patel,
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Ramakrishnan, & Durani, 2017; Ranbhor, Kumar, Patel, Ramakrishnan, &

Durani, 2018; Ranbhor, Kumar, Tendulkar, et al., 2018).

8.2.1 De novo designed fluorescent peptide

Synthetic peptides are popular choices as targeting molecules for bio-

imaging or diagnostic applications. Unfortunately, broad utilization of linear,

naturally occurring peptides is severely limited by their (1) inherent flexibil-

ity, which often lowers targeting capability, (2) charged N- and C-terminal

groups, which inhibit cell permeation, and (3) sensitivity to proteolytic deg-

radation (Zhai, Schreiber, Padilla-Coley, Oliver, & Smith, 2020). Efforts to

obviate these drawbacks have led to a wide range of molecular design strate-

gies in peptidomimetics with improved properties (Walport, Obexer, & Suga,

2017). One approach is to design structures that incorporate amino acids

with unnatural side chains or opposite chirality, or alternatively use an unnat-

ural polymer backbone (Nair, Baravkar, Ingole, & Sanjayan, 2014). By doing

so, different strategies have been applied to design the peptide- based fluoro-

phore for various applications such as cancer therapeutics (Fan et al., 2018),

chemical detections (Wang et al., 2020), and heavy metal detections (Siepi

et al., 2018). A key decision in the development of a new fluorescent peptide

probe is determining the optimal sensing mechanism. It has to be considered

that of the 20 natural amino acids, only Tyrosine (Tyr) and Tryptophan (Trp)

display significant emission, and among them, only the Trp fluorescence is

sensitive to its immediate environment (Masters, 2013). For this reason, the

introduction of extrinsic fluorophores to the peptide probe is usually neces-

sary, in order to obtain a good fluorescence. Moreover, Trp suffers from

strong photobleaching, and its excitation and emission are masked by the

strong background typical of biological media. Therefore applications that

require measuring fluorescence in complex mixtures will demand the intro-

duction of extrinsic fluorophores with long-wavelength excitation and

emission.

Except for peptide-functionalized fluorescent platforms, selected peptides

could also be self-assembled into fluorescent nanoarchitectures without intro-

ducing organic dyes. Inspired by the fluorescence mechanism in natural fluo-

rescent proteins, Zhang and co-workers have reported Trp-Phe dipeptide

nanoparticles (DNPs) that shifted the intrinsic peptide fluorescence from

ultraviolet to the visible range (Fan, Sun, Huang, Wang, & Zhang, 2016).

Similar to natural florescent proteins, DNPs were prepared through self-

assembly with Zn21, which shift peptide’s intrinsic fluorescent signal from

the ultraviolet to the visible range.

Narrow emission bandwidth in visible range and remarkable photostabil-

ity of DNPs were observed, which could be an effective agent for fluorescent

biomedical imaging. Subsequently, Li and co-workers have reported the

quantum confined self-assembly of aromatic cyclic dipeptides cyclo-Phe-Trp

210 De Novo Peptide Design



and cyclo-Trp-Trp (Tao et al., 2018). The cyclic dipeptides were designed as

quantum dots (QDs) to self-assemble into quantum-confined nanostructures,

which dimerized to form nanostrucutres. The emission of QDs can be tuned

from the visible region to the near-infrared (NIR) region (420�820 nm) by

modulating self-assembly. Ramakrishnan and co-workers have designed a

heterochiral de novo minimal fluorescent protein that can be selectively

excited at 342 nm (Prakash, Ranbhor, & Ramakrishnan, 2020). β-(1-azule-

nyl)-L-alanine, an unnatural amino acid, was impregnated into the hydropho-

bic core of a heterotactic protein scaffold, which gives emission in visible

region (Fig. 8.2).

8.2.2 De novo designed antimicrobial peptides

The emergence of drug-resistant bacteria has restricted the use of many con-

ventional antibiotics, leading to the new research to develop antibiotics, spe-

cifically antimicrobial peptides (AMPs), which generally targets the bacterial

cell membranes, possibly decreasing the risk of resistance (Bishop & Finlay,

2006). AMPs are typically 20�50 residues and generally tend to adopt

highly amphiphilic structure. The electrostatic interactions between the posi-

tively charged AMPs and the negatively charged bacterial phospholipids pro-

vide an initial mode of interaction, whereas hydrophobic interactions allow

the peptides to penetrate the cell membrane, in some cases leading to depo-

larization of the bacterial membrane and cell death (Fig. 8.3) (Boman, 1995).

Although natural peptides are excellent candidates as antimicrobial agents,

they have limitations as well, such as reduced bioavailability, protease-

mediated degradation, and instability in pH environment (Hazam, Singh,

Chaudhary, & Ramakrishnan, 2019). To counter these limitations,

tailor-made approach to design the AMPs has increased in recent decades

FIGURE 8.2 Surface mesh model of BP02 mini-protein. Blue color represents β-(1-azulenyl)-

L-alanine.
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(Hazam, Goyal, & Ramakrishnan, 2019). Modification of N and C-terminus

by acetylation and amidation has reported to increase the peptide stability

(Arnesen, 2011). Altering peptide chirality by insertion of D-amino acids has

also resisted degradation of peptides with increased half-life. Many studies

have reported the de novo design of AMPs, mimicking natural AMPs

(Hazam, Akhil, Jerath, Saikia, & Ramakrishnan, 2019). Hodges and co-

workers have utilized the structural framework of an amphipathic α-helical

AMP (V681) with the mutation at 11th and 13th position by L and D-amino

acid (Chen et al., 2005). They have observed the improved therapeutic activ-

ity against Gram-negative and Gram-positive bacteria. Ghadiri and co-

workers have designed a series of cyclic D,L-alpha peptides as antibacterial

agents, which are resistant to proteolytic degradation (Fernandez-Lopez

et al., 2001). Ramakrishnan and co-workers have designed a syndiotactic

peptide based on “peptidomimetic” approach that mimics stereochemistry of

Gramicidin, a naturally occurring AMP (Hazam, Jerath, Chaudhary, &

Ramakrishnan, 2018; Hazam, Jerath, Kumar, Chaudhary, & Ramakrishnan,

2017). They have also examined the acetylated peptide as a bactericidal

agent (Hazam et al., 2018). The redesigned peptide sequence retained its ste-

reochemistry and also showed less toxicity as compared to Gramicidin, while

maintaining good antimicrobial activity. Metzler-Nolte and co-workers have

reported a 4�eightfold decrease in MIC values by adopting a specific combi-

nation of L and D-amino acids (Albada, Prochnow, Bobersky, Bandow, &

Metzler-Nolte, 2014). Ramakrishnan and co-workers have synthesized the

syndiotactic peptide, which showed antimicrobial activity against antibiotic

resistant strains such as Gentamicin-resistant MRSA (methicillin-resistant

Staphylococcus aureus), Escherichia coli, and Mycobacterium (Hazam,

Phukan, Akhil, Singh, & Ramakrishnan, 2021). The synthesized peptides

FIGURE 8.3 Schematic representation of mechanism of antimicrobial peptides.

212 De Novo Peptide Design



also retained their activity in serum, which was the principal drawback of

poly L-peptide sequences due to enzyme-mediated degradation.

Cationic antimicrobial peptides (CAMPs), a class of AMPs, possess a

highly amphiphilic conformation in which cationic hydrophilic and hydro-

phobic residues are distributed throughout the folded conformation (Wimley

& Hristova, 2011). This amphiphilic topology helps to disrupt the bacterial

membrane integrity, leading to cell content leakage or the infiltration of

extracellular materials and eventually cell death (Hancock & Sahl, 2006).

However, limitations of CAMPs are poor oral bioavailability, low stability,

side effects, and a high production cost (Sgolastra, Deronde, Sarapas, Som,

& Tew, 2013). To address these shortcomings, small-molecule-based pepti-

domimetics have been designed as antimicrobials to mimic CAMPs (Lin

et al., 2020). Maffia and co-workers have synthesized CAMPs, which have

antibacterial activity against multiresistant clinical isolates, and have differ-

ent alpha helical content and different amphipathicity (Faccone et al., 2014).

8.2.3 De novo designed cell-penetrating and tumor homing
peptide

The most crucial factor in successful drug development is insuring that the

drug molecule interacts with the target efficiently. For intracellular drug tar-

gets, attaining considerable intracellular delivery is crucial. Several drug

delivery strategies have been proposed to increase the bioavailability of the

drugs, such as electroporation, liposomal formulation, and micro injection.

However, each of these has its limitations, mainly in terms of toxicity and

therapeutic feasibility.

Peptide molecules can be an alternative delivery strategy that can translo-

cate the cytoplasmic membrane (Langel, 2002). This strategy emerged in

1994, after discovery of third helix of Antennapedia homeodomain, pAntp

(43�58), which can translocate the cell membrane (Derossi, Joliot,

Chassaing, & Prochiantz, 1994). Since then many cell-penetrating peptides

(CPPs) have been observed. The most common feature among CPPs is the

presence of positive charges, and hydrophobicity (Mitchell, Steinman, Kim,

Fathman, & Rothbard, 2000).

Majority of CPPs reported till date have been identified or developed

from natural protein sources of different origin and mainly have L-amino

acids. The uptake of poly L-CPPs is either through the direct plasma mem-

brane translocation or receptor-based mechanism of endocytosis (He, Sayers,

Watson, & Jones, 2018). The recognition of such CPPs by receptors not only

helps in their uptake but also results in their entrapment in endosome and

subsequent degradation in lysosomes (Ruseska & Zimmer, 2020). Another

problem in peptide-based drug delivery vectors is their susceptibility to pro-

teolytic cleavage (Patel et al., 2019). The incorporation of D-amino acids in

CPP sequences increased peptide stability in biological fluids, but often have
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lower cellular uptake than poly L-amino acid CPP sequences (Pujals,

Fernández-Carneado, Ludevid, & Giralt, 2008) However, the use of D-

proline in CPP sequences provides the much needed proteolytic stability.

Ramakrishnan and co-workers have designed a series of 12-mer peptides to

address the instability issues of the CPPs, by reverse engineering the syndio-

tactic backbone (Jerath, Goyal, Trivedi, Santhoshkumar, & Ramakrishnan,

2019). The synthesized peptides were stable in both human plasma and

bovine serum. Moreover, the designed peptides have higher rates of cellular

uptake than the model Tat (48�60) peptide in breast and cervical cancer

cells.

Poor penetration of antitumor drugs in the extravascular tumor tissue is

often a major factor limiting the efficacy of cancer treatments. Tumor hom-

ing peptides (THPs) are the molecules engineered for the targeted drug deliv-

ery in cancerous cells, and can be used to deliver drugs into tumors (Goyal,

Jerath, Akhil, et al., 2021). Receptor-mediated interactions of THPs favor

high specificity, and low cross-reactivity in recognition of cancer cells due to

the presence of frequently occurring RGD (Arginine�Glycine�Aspartic

acid) and NGR (Asparagine�Glycine�Arginine) peptide motifs. RGD is the

most studied THP motif that targets integrins, overexpressed on tumor blood

vessels (Goyal, Jerath, Akhil, et al., 2021).

Kessler and co-workers introduced the D-amino acids in the RGD motif

and synthesized the cyclic RGD peptide (Mas-Moruno, Rechenmacher, &

Kessler, 2010). The peptide cyclo(RGDfV), the most studied version of

cyclic RGD, was commercialized for research use under the name

Cilengitide, which is proved to be effective in reducing glioblastoma in mice

(Stupp et al., 2010). Saviano and co-workers have rationally designed an

RGD-containing peptide that binds to ανβ3 integrin, which is highly

expressed on activated endothelial and tumor cells but is not present in rest-

ing endothelial cells. They named this new peptide RGDechi (Del Gatto

et al., 2006). Salvaotore and co-workers conjugated the RGDechi with posi-

tron emission tomography (PET) imaging probe to test whether RGDechi

can discriminate αvβ3 from αvβ5 integrin, thus allowing the in vivo selective

visualization of αvβ3 expression by PET imaging (Zannetti et al., 2009).

They concluded that it selectively binds to αvβ3 integrin and does not cross-

react with αvβ5 integrin.

A tumor penetrating variant of RGD motif was identified in 2009

(denoted as iRGD) on prostate cancer cells (Teesalu, Sugahara, Kotamraju,

& Ruoslahti, 2009). Different research groups over the last 10 years have

shown that iRGD enhances drug accumulation and efficacy in a number of

tumor models (Akashi et al., 2014). Ruoslahti and co-workers have described

a strategy to enhance tumor penetration of chemotherapeutic drugs, by the

use of iRGD peptide (CRGDK/RGPDC) (Sugahara et al., 2009). The peptide

comprises two sequence motifs: RGD, which binds to αvβ3/5 integrins on tumor

endothelial and tumor cells, and a cryptic CendR motif (R/KXXR/K-OH).
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Once integrin binding has brought iRGD to the tumor, the peptide is proteolyti-

cally cleaved to expose the cryptic CendR motif. The truncated peptide loses

affinity for its primary receptor and binds to neuropilin-1, activating a tissue

penetration pathway that delivers the peptide along with attached or coadminis-

tered payload into the tumor mass. Similar to RGD, another tripeptide NGR is

associated with tumor vasculature homing (Svensen, Walton, & Bradley,

2012). An NGR containing phage clone was first isolated by Koivunen and

Ruoslahti during in vitro biopanning on α5β1 integrin (Koivunen, Gay, &

Ruoslahti, 1993).

The NGR motif binds to integrins with low affinity, but its receptor is

aminopeptidase N (APN/CD13), a protein that is detectable in tumor vascu-

lature and in angiogenic blood vessels (Pasqualini et al., 2000). In THPs,

RGD and NGR motifs are known to impart selective targeting of tumor vas-

culatures by recognition of their cognate receptors. Methylated NGR motif

can be used as a cargo for radiolabelled compound delivery (Corti et al.,

2017).

RGD derivatives have been used for targeting tumor-associated vascula-

ture (Goyal, Jerath, Chandrasekharan, et al., 2021). The basic principles of

conformational biasing through cyclization, turn-inducers, and rigid cores

have been utilized to explore RGD mimetics (Goyal, Jerath,

Chandrasekharan, Kumar, & Ramakrishnan, 2020). Baiula and co-workers

have used the β-turn mimetic approach by introducing D-proline in RGD tri-

peptide (Gentilucci et al., 2007). Ramakrishnan and co-workers have

designed a library of RGD and NGR/QGR (Glutamine�Glycine�Arginine)

mimics, exploring the concept of informed walk across the Ramachandran

map (Goyal, Jerath, Akhil, et al., 2021). They have designed several 11-mer

peptides by “locking” glycine residue conformation to specific basins in the

D-region of Ramachandran map, with the desired unnatural amino acid sub-

stitutions: D-Pro, D-Ala, Aib, and D-Val, to look into their corresponding

effect in homing tumors with better specificity and across cancer cell types

with better selectivity. The synthesized peptides retained their functional

activity in serum, indicating their stability against serum proteases. Further,

they have conjugated the peptides with methotrexate, and reported that the

designed peptides mediate drug delivery in cancer cells.

8.2.4 De novo designed biocatalysts

The efficiency and selectivity of enzymes have encouraged the researchers

to find out the approaches to design the catalysts for the reactions not found

in nature, or to come up with the new approach for catalyzing the reactions

already known, with better performance. The computational approach is

prominently successful in this effort owing to the high complexity of protein

structures and our limited understanding of the protein structure2 function

relationships (Damborsky & Brezovsky, 2009). Computational de novo
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design relies on placing the designed catalytic active sites into the existing scaf-

folds. The idea behind this is that enzymes enhance chemical reactions by low-

ering of activation energy, by designed active site (Garcia-Viloca, Gao, Karplus,

& Truhlar, 2004). The de novo design of enzymes has been supported by the

computational tools such as DEZYMER, ORBIT, and ROSETTA.

The main drawback of many enzymes is their size as they are either large

polypeptide or fragments of proteins. As even short peptides can catalyze many

chemical reactions (Kolundzic, Noshi, Tjandra, Movassaghi, & Miller, 2011), it

seems logical that their subsequent improvement can yield incredibly efficient

enzymes. The supramolecular self-assembly of peptides yields an array of

nanostructures such as amyloid fibers (Cherny & Gazit, 2008), hydrogels

(Saikia et al., 2021), and coil-coiled bundles (Woolfson, 2005). Synthetic modi-

fications of the peptide such as N and C-terminus modification, introduction of

unnatural amino acids, and aromatic π2π stacking, provide additional opportu-

nity to tune the large variety of supramolecular structures including twisted rib-

bons (Fishwick et al., 2003), collagen mimicking peptides (Pires, Przybyla, &

Chmielewski, 2009), and nanobelts (Cui, Muraoka, Cheetham, & Stupp, 2009).

In one of the earliest attempts Benner and co-workers have rationally designed a

14-mer alpha-helical peptide forming helical bundle, which converts oxaloace-

tate to pyruvate (Johnsson, Allemann, Widmer, & Benner, 1993). Baltzer and

co-workers have designed KO-42, a 42-residue polypeptide, that folded into a

helix-loop-helix hairpin motif (Broo, Brive, Ahlberg, & Baltzer, 1997). KO-42

peptide catalyzes hydrolysis of p-nitrophenyl esters. Further they introduced

aldimine binding sites into KO-42 peptide to catalyze conversion of aldimine

into ketamine, emulating the biosynthesis of amino acids. The resulting catalysts

bound the aldimines and catalyzed conversion of aldimine into ketamine three

times faster than imidazole (Allert & Baltzer, 2003). Inoue described that the

aggregation of a peptide-based catalyst notably improved the stereoselectivity of

the asymmetric addition of hydrogen cyanide to m-phenoxybenzaldehyde

(Tanaka, Mori, & Inoue, 1990). Recently, Das and co-workers have developed

KLVFF-based nanotube peptide catalysts and demonstrated catalysis of aldol

and retro-aldol condensation reactions (Reja, Afrose, & Das, 2020).

8.2.4.1 Proline-based supramolecular catalyst

The extensive work suggests great promise for the proline-based self-assem-

bled peptide as a potential catalyst (Saikia et al., 2021). It was first reported

in early 1970s that amino acids, such as proline, could catalyze asymmetric

aldol cyclizations (Eder, Sauer, & Wiechert, 1971). Clark and co-workers

designed minimal peptide pro-nap, by tagging proline to amido naphthyri-

dine (Nap), and provided a library of asymmetric assemblies capable of

enamine catalysis (Fuentes, Lebl, Slawin, & Clarke, 2011). Miravet and co-

workers have designed Pro-Val dipeptide hydrogel for enamine-based

catalysis (Rodrı́guez-Llansola, Escuder, Hamley, Hayes, & Miravet, 2012).
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The formed hydrogel showed dual catalytic behavior as free molecules and

as aggregates. In solution phase dipeptides behave as moderately active and

stereo-selective L-Pro-based organocatalysts participating in the aldol reac-

tion, whereas in the gel phase they turned into basic catalytic residues inac-

tive in the aldol reaction, but active in the nonstereospecific deprotonation of

the aldol product (Rodrı́guez-Llansola, Escuder, & Miravet, 2009). Recently,

Hamley and co-workers developed a series of proline-based amyloid peptides

and lipopeptides, which form several nanostructures and show excellent cata-

lytic activity and high selectivity for aldol reactions (Pelin et al., 2020).

8.2.4.2 Histidine-based supramolecular catalyst

Much attention has been given to develop self-assembling catalysts for

hydrolytic reactions. A single amino acid histidine (His) on its own is capa-

ble of promoting hydrolysis, although the catalytic efficiency is very low.

However, incorporation of His into self-assembling structures has emerged

as a powerful strategy for creating artificial hydrolases (Fig. 8.4). Guller and

Stupp have demonstrated the hydrolysis of para-nitrophenyl acetate (PNPA)

on the surface of nanofibers formed by the assembly of peptide amphiphiles

(Guler & Stupp, 2007). They have incorporated the two histidine residues in

the peptide amphiphiles. The resulting nabofiber hydrolyzed the PNPA,

while nonfibrils structure showed poor catalytic activity. Leu and co-workers

have synthesized the short amphiphilic peptide Fmoc-FFH-CONH2, which

self-assembles to form nanotube and hydrolyzed PNPA (Huang et al., 2013).

The resulting hydrolase model shows typical saturation kinetics behavior to

that of natural enzymes and the catalytic efficiency of a single catalytic cen-

ter is 519-fold higher than the one without catalysts. To develop further the

hydrolase model, Zhimin He and co-workers formed the catalytic Ser/His/

Asp triad by mixing varying ratio of Fmoc-FFH-CONH2 with Fmoc-FFS-

CONH2 and Fmoc-FFD-CONH2 peptide. At the optimal ratio of 40:1:1

(Fmoc-FFH-CONH2: Fmoc-FFS-CONH2: Fmoc-FFD-CONH2) catalytic effi-

ciency was observed to be twofold higher than the activity of the fibrils

formed by Fmoc-FFH-CONH2 (Wang et al., 2016). Dejugnat and co-workers

have designed lipopeptides by joining tripeptides with lipophilic molecules,

which catalyzed the hydrolysis of PNPA upon self-assembly (Bélières,

Chouini-Lalanne, & Déjugnat, 2015). They concluded that the lipopeptides

are more efficient catalysts as monomers than in aggregates, showing that a

subtle balance of the hydrophobic part could be used to orient it toward acti-

vated hydrolysis or rather protection of the substrate.

8.2.4.3 Peptide catalyst with metal ions

Metal ions are ubiquitous in nature, playing structural or catalytic roles in

nearly half of all proteins. They play a key role in regulating the activity of

proteins both at allosteric and at catalytic sites. Natural amino acids comprise
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several functional groups in the side arms, which act as binding sites for

metal ions (Yamashita, Wesson, Eisenman, & Eisenberg, 1990). This can

occur for peptides of amino acids without coordinating side chains, such as

alanine or phenylalanine, or with coordinating side chains, such as histidine

or cysteine (Sóvágó, Kállay, & Várnagy, 2012). Kaplan and DeGrado devel-

oped a heterotetrameric coiled-coil “DFtet” peptide, which self-assembled to

bind to two Fe (II) in active sites. The structure of DFet comprised of two

different “A” and “B” subunits, which helps in binding with iron (Marsh &

DeGrado, 2002). The resulting co-assembly with iron catalyzes oxidation of

4-aminophenol to the corresponding quinone. Serpell and co-workers have

designed the peptides that form an amyloid-like architecture and reveal their

capability to mimic carbonic anhydrase (Al-Garawi et al., 2017). These amy-

loid fibril structures can bind the metal ion Zn21 by a three-dimensional

arrangement of His residues created by the amyloid architecture. The peptide

catalyzed the PNPA molecules in the presence of Zn21 ion. Laungani and

co-workers have designed C- and N-terminal phosphane-functionalized pep-

tides to bind noble metals (Pt/Rh) (Laungani, Slattery, Krossing, & Breit,

2008). Upon mixing, the peptides and appropriate metal salts form β-sheet

FIGURE 8.4 Schematic representation of ester hydrolysis by self-assembled nanostructures.

218 De Novo Peptide Design



assemblies that can do asymmetric hydroformylation of styrene with quanti-

tative yield and excellent regioselectivity but modest enantioselectivity.

8.2.5 Peptide-based smart materials

With the technological advancement in imaging, peptides have recently been

considered for their potential use as biomaterials. Researchers are now

exploring the ability of peptide-based biomaterials to respond to external

cues; this responsiveness has been collectively referred to as “smart behav-

ior” (Rajagopal & Schneider, 2004). Responsiveness can be defined either at

the structural or at the functional level (Rajagopal & Schneider, 2004). For

structural smartness, assemblies built from α-helical units tend to be more

readily reversible than structures dominated by β-strand units. This differ-

ence arises principally from the relative importance of hydrogen bonding and

hydrophobic contributions to structural stability.

The ability of peptides and proteins to change the conformations in response

to the external stimuli such as pH, temperature, and the presence of specific small

molecules is ubiquitous in nature. This property of peptide has been exploited to

engineer several stimulus-responsive systems with potential applications in bioma-

terials, nanodevices, biosensors, bio-separations, tissue engineering, and drug

delivery. This section will highlight some recent advances in the field of self-

assembling peptides used in biomaterials design. Emphasis will be placed on

work that either implicitly or explicitly incorporates concepts of smartness.

8.2.5.1 Stimulus-responsive materials

Several peptide-based systems have been designed to respond to various sti-

muli. In a work, temperature-dependent 12 and 16 residue peptide were

designed. At the temperature more than 70�C, the designed peptides showed

conformational change from β-sheet formation to an α-helical structure

(Zhang & Rich, 1997). With cooling, these peptides retained the a-helix

structure, and took several weeks at room temperature to partially return to

the β-sheet form. Peptides whose bulk behavior can be controlled by metal

ions have also been successfully engineered (Ghadiri, Soares, & Choi, 1992).

An emerging area of interest in the field of stimulus-responsive peptides

is the concept of enzyme-responsive peptides. Gao and co-workers have

designed an enzyme-responsive zwitter ionic peptide coating capable of

responding to matrix metalloproteinase-9 (MMP-9), which is overexpressed

in tumor microenvironment (Wu et al., 2019). The repetitive pentameric

sequence of peptide VPGVG is one of the most studied stimulus-responsive

peptide, which is naturally found in the polymeric elastin-like polypeptide

(ELP) of the mammalian elastin protein (Meyer & Chilkoti, 2004). The phy-

siochemical properties of ELP can be altered by mutating fourth residue of

this sequence. The highly multimeric form of peptides (20�300 pentameric
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repeats) induces a sharp reversible hydrophilic2 hydrophobic phase transi-

tion in ELP, which is triggered by changes in pH, temperature, or ionic

strength. Below transition temperature, the ELP exists in an extended state

and is soluble in water, while at above transition temperature, the ELP col-

lapses into an ordered b-spiral that aggregates and precipitates out of solution

(Meyer & Chilkoti, 2004). The stimulus-responsive properties of ELPs fused

to appropriate peptides or proteins have been used for remediation of toxic

metals (Prabhukumar, Matsumoto, Mulchandani, & Chen, 2004) and targeted

drug delivery (Sreekumar et al., 2018).

8.2.5.2 Peptide-based molecular shuttles

The inherent restrictions in rotational and translational freedom imposed on the

components of mechanically interlocked molecules make them particularly attrac-

tive architectures for precisely controlling the positioning of functional units or

substituents with the possibility of switching their relative separation and orienta-

tion (Anelli et al., 1997). Such control has been elegantly demonstrated through

π2 donor2 acceptor interactions in the “molecular shuttles”(Anelli et al., 1997),

metal ion coordination in the catenates (Cárdenas, Livoreil, & Sauvage, 1996),

and in pseudorotaxanes, prepared by Sauvage and co-workers(Collin, Gavinã, &

Sauvage, 1996). Molecular shuttles are rotaxanes in which the macrocycles are

translocated from one binding site (“station”) on the thread to the second station

in response to the external stimuli (e.g., chemical fuels, light, pH, or temperature)

that invert the initial relative affinity of each of the sites for the macrocycle

(Villalva, Nieto-Ortega, Melle-Franco, & Perez, 2020). Some of the most

advanced synthetic molecular machines described to date are based on the molec-

ular shuttle concept (Qiu et al., 2020). In particular, the unique flipping motion

between multiple recognition sites in a rotaxane molecular system makes it a

highly suitable choice for developing molecular devices (Davidson, Sharma, &

Loeb, 2010). Gariepy and co-workers have designed loligomers, which are

peptide-based intracellular vehicles, that can penetrate cells and self-localize into

distinct cellular compartments (Singh, Bisland, Kawamura, & Gariépy, 1999).

The loligomers were able to transfer the gene into mammalian cells, which was a

nonviral gene delivery system (Singh et al., 1999). As is well-known, ion passive

transport is essential for maintaining normal cell function and biological processes.

Tian and co-workers have designed an artificial molecular shuttle that operates in

lipid bilayers for ion transport (Chen et al., 2018). Recently, peptide-based molec-

ular shuttle system is explored for applications such as gene therapy(Garcia,

Arranz-Gibert, Sánchez-Navarro, Giralt, & Teixidó, 2020) and drug delivery

(Bukchin et al., 2021).

8.2.5.3 Peptide-based metal organic frameworks

Meta organic frameworks (MOFs) have been used extensively for different

applications such as gas storage (Farha et al., 2010), catalysis (Lee et al., 2009),
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and chemical separation (Qiu, Xue, & Zhu, 2014). The incorporation of biomo-

lecules as organic linkers in MOF synthesis makes them one of the most

exciting and rapidly growing areas of modern chemistry research. Ferry G and

co-workers first reported the loading and release kinetics of the analgesic

drug, ibuprofen from the first MOF family, Materials Institute Lavoisier-100

(MIL-100) and MIL-101 (Horcajada et al., 2006). Both MIL structures are com-

posed of trivalent metal centers with carboxylic bridging ligands and possess

large pores with large surface areas. Several theoretical and experimental

researches demonstrated the potential application of MOFs as an ideal drug

delivery system for various therapeutic drugs (Cui et al., 2021). Zhang and co-

workers have reported the RGD peptide functionalized MIL-101 for targeted

release of the drug doxorubicin with effective cancer cell inhibition and reduced

side effect (Wang et al., 2015). Jimenez and co-workers have reported the use

of an MOF to load, protect, and deliver small interfering ribonucleic acids

(siRNAs) by avoiding enzymatic degradation (Teplensky et al., 2019). They

have encapsulated the siRNAs in the MOF with KALA peptide and ammonium

chloride, to evade the endosomal retention and ensure that gene knockdown is

efficacious.

Surface functionalization of MOFs are important for biomedical applica-

tion because this interface controls the stability of the framework, the rate of

drug release, cell uptake, and the overall biological response (Horcajada

et al., 2012). Short peptides functionalized MOFs have been used as electro-

chemical devices, and biosensors (Sun et al., 2021).

8.2.5.4 Peptide-based vaccines

Classical whole organism vaccines may have several pitfalls such as the

potential risk of inducing autoimmune and allergic responses (Skwarczynski

& Toth, 2016). The “peptide vaccines” containing only epitopes capable of

inducing positive, desirable T-cell and B-cell-mediated immune response

may be a substitute for this (Sesardic, 1993). Since epitopes are the antigenic

determinants within larger proteins, these peptides are considered sufficient

for activation of the appropriate cellular and humoral responses, while elimi-

nating allergenic and reactogenic responses (Bijker, Melief, Offringa, & Van

Der Burg, 2007). Peptide-based vaccines are built of defined, small-peptide

antigens engineered to induce the desired immune response.

Several factors should be considered in formulating an effective peptide

vaccine including inclusion of a universal T-helper epitope, and the necessity

to mimic the structure of the parent antigen to generate high-affinity antibo-

dies (Steele, Allen, & Kaumaya, 2006). On the other hand, owing to the rela-

tively small size of peptides, they are often weakly immunogenic by

themselves and therefore require carrier molecules, to add chemical stability

and adjuvant, for the induction of a robust immune response (Purcell,

McCluskey, & Rossjohn, 2007). There are many peptide vaccines under
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development, such as vaccine for human immunodeficiency virus (Liu et al.,

2007), malaria (Epstein, Giersing, Mullen, Moorthy, & Richie, 2007), and

anticancer vaccine (Greten et al., 2010) (Table 8.1).

8.3 De novo designed peptide nano-assemblies

Peptides self-assemble into different nanostructures, playing crucial role in fabri-

cating hierarchical architectures that have good biocompatibility and functionali-

ties (Zhao et al., 2010). On the basis of their chemical structure, peptides can be

classified as linear (Blanco, Rivas, & Serrano, 1994), cyclic (Zorzi, Deyle, &

Heinis, 2017), and branched (Guler, Soukasene, Hulvat, & Stupp, 2005). Some

self-assembled nanostructures are summarized in Fig. 8.5.

8.3.1 Nanotubes

Among the notable supramolecular self-assembly, peptide nanotube is a well-

studied architecture with diversified applications. Alternating D-octapeptide and

L-octapeptide, upon cyclization, has been shown to stack through hydrogen

bonding to form a nanotubular assembly (Ghadiri et al., 1993). One of the most

well-studied building blocks for supramolecular structures is diphenylalanine

(FF) peptide. The nanotube formed by FF molecules has shown remarkable

rigidity along with various physical and chemical functions such as semiconduc-

tivity (Hauser & Zhang, 2010), luminescence (Amdursky et al., 2009), and pie-

zoelectricity (Bosne et al., 2013).

TABLE 8.1 List of some peptide-based vaccines.

Disease Vaccine Clinical

phase

Reference

Alzheimer’s
disease

CAD106 Phases II/III Wiessner et al. (2011)

ACI-35 Phase I Theunis et al. (2013)

AADvac-1 Phase II Novak et al. (2018)

Cancer Gp100:209�217
(210 M)

Phase III Rosenberg et al. (1998)

AE37 Phase II Voutsas et al. (2007)

Malaria MSP1 with GLA-SE
adjuvant

Phase I Blank et al. (2020)

Hepatitis C IC41 Phase II Firbas et al. (2006)

HIV Rv144 Phase III Malonis, Lai, and
Vergnolle (2019)
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8.3.2 Nanosheets

Surfactant-like peptides were known to form nanotubes (Bucak, Cenker,

Nasir, Olsson, & Zackrisson, 2009), but Castelletto and co-workers first

reported the nanosheet formation with surfactant-like peptide, A6R (Hamley,

Dehsorkhi, & Castelletto, 2013). Further, they have reported that the

RFL4FR peptide aggregates into ultrathin flat sheets because of β-sheet

assemblies (da Silva et al., 2015). Liu and co-workers have first reported the

amyloid-like nanosheets formed by the KLVFFAK segment (Dai et al.,

2015). They have also shown its application as retroviral transduction.

8.3.3 Cyclic peptides

Cyclic peptides have promising potential applications in biologicals and

materials (Fernandez-Lopez et al., 2001). Rationally designed cyclic peptides

with flat conformations can self-assemble into tubular nanostructures mainly

stabilized by intercycle hydrogen bonding (Ghadiri et al., 1993). Generally,

when the assembly of cyclic peptides occurs in solution, which can be

FIGURE 8.5 Peptide-based self-assembled nanostructures.
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triggered by cooling the solution, they can stack into nanotubes that, in turn,

organize into a compact crystal structure (Bélanger, Tong, Soumaré, Dory, &

Zhao, 2009). Cyclic peptide-based molecular constructs have been utilized as

enzyme inhibitors (Colgrave, Korsinczky, Clark, Foley, & Craik, 2010), gene

delivery (Oba et al., 2007), organic electronics (Ardoña & Tovar, 2015), and

antibacterial agents (Brown et al., 2020).

8.3.4 Nanofibers

Among the various constructs of self-assembly, nanofibers are considered to be

the most promising structure with various applications. Fibrous structures have

large length to diameter ratio. Hierarchical architectures with self-assembled pep-

tide nanofibers may be constructed through entanglement and noncovalent binding

between peptide nanofibers. Self-assembled fibrous materials have broad range of

biomedical application such as scaffold for three-dimensional cell culture, biofilm

(Cherny & Gazit, 2008), and tissue engineering (Yanzhong Zhang, Ouyang, Lim,

Ramakrishna, & Huang, 2005). Factors promoting the nanofiber formation are

aromatic stacking, metal2π interaction, and hydrogen bonding (Sasidharan,

Hazam, & Ramakrishnan, 2017). It has been observed that the high content of

β-strand could enhance the rigidity of nanofibers (Xiao, Xiao, & Gräter, 2013).

pH also modulates the mechanical property of nanofibers. Dong and co-workers

have investigated the effect of pH on peptide sequence SSSSFAFAC (Bortolini

et al., 2015). At pH 2, this peptide formed amyloid-like fibers with relatively high-

er amount of ordered random coil (38%) and β-sheets (37%), but no α-helices,

while more flexible fibrils that are rich in α-helices were formed at pH 7.

Furthermore, they confirmed that a high amount of ordered β-sheets contributed

to improve the rigidity of the formed fibrils (Bortolini et al., 2015).

8.3.5 Hydrogels

Peptide-based hydrogels are a class of soft materials that typically have three-

dimensional fibrous networks cross-linked through physical or chemical bonding.

They are characterized by their high-water content, microporous structure, tune-

able mechanical stability, good biocompatibility, and elasticity (Bahram, Mohseni,

& Moghtader, 2016). In addition, hydrogels are readily decorated or functiona-

lized through side-chain modifications to realize specific applications (Du, Zhou,

Shi, & Xu, 2015). The main factor responsible for the gelation is aromatic π2π

interaction, which also increases the hydrogen bonding and other nonbonding

interactions in water, usually leading to supramolecular hydrogels.

8.3.5.1 Single amino acid-based hydrogels

There are several reports on hydrogels formed by dipeptides and tripeptides

with different N-terminally conjugated aromatic groups. However, single

amino acid containing hydrogels are relatively much less reported
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(Chakraborty & Gazit, 2018). Nilsson and co-workers have reported that

halogenation of the phenyl side chain of Fmoc-Phe resulted in rapid self-

assembly, and hydrogelation relative to Fmoc-Phe or Fmoc-Tyr (Ryan,

Anderson, & Nilsson, 2010). Hydrogels formed from the self-assembly of

Fmoc-F5-Phe-OH or monohalogenated derivatives were mechanically rigid,

but unstable in solvent (Ryan, Doran, & Nilsson, 2011). To increase the sta-

bility of the designed peptide, they have conjugated it with polyethylene gly-

col. Banerjee and co-workers have reported pyrene conjugated phenylalanine

derivate superhydrogel with minimum gelation concentration less than 0.1%

w/v, showing thixotropic property (Nanda, Biswas, & Banerjee, 2013).

Thakur and co-workers have reported the Fmoc-Phe hydrogel with antimi-

crobial effect (Gahane et al., 2018). Marchesan and co-workers have also

synthesized phenylalanine derivative N-(4-Nitrobenzoyl)-Phe, which self-

assembled to form hydrogel showing significant antimicrobial property

(Garcia et al., 2020).

8.3.5.2 Short and ultrashort peptide-based hydrogel

Peptide sequences having amino acids chain length less than 20 are termed

as short peptides, while sequences having less than 7 amino acids are ultra-

short peptide (Seow & Hauser, 2014). Zhang and co-workers have designed

several self-assembling short peptides (Zhang, Holmes, Lockshin, & Rich,

1993). Features of these peptides include regularly alternating hydrophilic

and hydrophobic amino acids, where positive charges are juxtaposed to nega-

tive ones (Yokoi, Kinoshita, & Zhang, 2005). Due to ionic self-

complementarity encouraged by the presence of salts, these peptides self-

assemble to form nanofibers that interweave to finally form β-sheet hydro-

gels (Yokoi et al., 2005). FF is frequently incorporated as a backbone to gen-

erate short peptide-based hydrogelators because it promotes π2π stacking

interactions (Marchesan, Vargiu, & Styan, 2015). The N-terminal capping

groups also enhance intramolecular interactions, which can then induce

hydrogel formation. The protecting groups that are generally used as capping

groups such as fluorenylmethyloxycarbonyl (Fmoc) (Orbach et al., 2012),

naphthalene (Laverty et al., 2014), carbazole (Kubiak et al., 2015), and

indole (Martin, Robinson, Mason, Wojciechowski, & Thordarson, 2014) are

reported to induce gelation. Naresh Kumar and co-workers have designed an

anthranilamide-capped short peptide hydrogel having antimicrobial property

(Aldilla et al., 2020).

8.3.5.3 Stimulus-responsive peptide hydrogel

In stimulus-responsive hydrogel the polymer networks comprising of stimuli-

responsive basic building blocks, for example, photoisomerizable units

(Huang et al., 2011) or redox groups (Yoshii, Onogi, Shigemitsu, &

Hamachi, 2015), allow the triggered and reversible transitions between
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hydrogel and solution phases or hydrogel and solid states (Echeverria,

Fernandes, Godinho, Borges, & Soares, 2018). The conjugation of p-

boronophenylmethoxycarbonyl (BPmoc) or p-nitrophenylmethoxycarbonyl

(NPmoc) to the FF peptide yielded redox-active hydrogels (Ikeda, Tanida,

Yoshii, & Hamachi, 2011). Incorporation of fumaric amide as a conforma-

tional switch has proved to be an effective strategy to construct photo-

responsive supramolecular hydrogels with potential applications (Huang

et al., 2011). pH-responsive hydrogels have been designed as drug delivery

systems. Zhong and co-workers have synthesized an RGD derived peptide

conjugate, which entraps doxorubicin and releases it under mild acidic condi-

tions paving ways for the controlled release of drug cargos in a typical tumor

microenvironment (Mei et al., 2019). Ge and co-workers have designed a

paclitaxel-loaded peptide hydrogel for the localized delivery of paclitaxel via

intratumoral injection to enhance the therapeutic efficacy against the tumor

(Raza et al., 2019). Apart from drug delivery systems, stimulus-responsive

hydrogels have been explored for tissue engineering (Tang, Mura, & Lampe,

2019), self-healing materials (Basak, Nanda, & Banerjee, 2014), and sprays

(Shundo et al., 2014).

8.3.5.4 Amyloid-based hydrogels

Amyloid-based hydrogels are water-laden, three-dimensional materials

formed by cross-linking of protein fibrils. They hold large amounts of water

because they have a large number of hydrophilic functional groups present

in their polymeric chain (Kumari & Ahmad, 2019). Several proteins and pep-

tides are known to form hydrogels through the cross-linking of amyloid

fibrils (Hu et al., 2018). Amyloid-based hydrogels are useful in the develop-

ment of materials such as drug delivery systems and tissue engineering

(Fichman & Gazit, 2014).

8.3.5.5 Fmoc-based hydrogels

Janmey and co-workers reported for the first time the formation of fibrous

networks with fluorenylmethoxycarbonyl (Fmoc)-protected amino acids and

dipeptides (Vegners, Shestakova, Kalvinsh, Ezzell, & Janmey, 1995), while

Xu and co-workers were the first to report that certain Fmoc-protected amino

acids and dipeptides spontaneously formed fibrous scaffolds (Zhang, Gu,

Yang, & Xu, 2003). Fmoc-modified diphenylalanine (Fmoc-FF) has been

widely studied as the simplest and most effective hydrogelator (Rajbhandary

& Nilsson, 2017; Zhang et al., 2003). Recently, Fmoc-FF-based hybrid gels

were also used as drug delivery systems (Abbas, Xing, Zhang, Zou, & Yan,

2017). Ikeda and co-workers have synthesized a new Fmoc-dipeptide, com-

prising α-methyl-L-phenylalanine (Arakawa et al., 2020). Few examples of

Fmoc-based peptide hydrogels are listed in Table 8.2.
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8.4 Properties of self-assembled nanostructures

8.4.1 Mechanical properties

Several previous studies reported the mechanical strength of the diphenylala-

nine (FF) peptide nanostructure (Sedman et al., 2013). Atomic force micros-

copy measurements have indicated an average point stiffness of 160 N/m

and a calculated Young’s modulus of about 20 GPa for nanotubular peptide

assemblies (Adler-Abramovich et al., 2010). Density functional theory calcu-

lations show that the high mechanical strength of FF nanostructure was the

result of an aromatic zipper present in the nanotubes (Azuri, Adler-

Abramovich, Gazit, Hod, & Kronik, 2014). Gazit and co-workers have

designed dipeptide based on β,β-diphenyl-Ala-OH (Dip), Dip-Dip, cyclo-

Dip-Dip, and tert-butyloxycarbonyl (Boc)-Dip-Dip (Basavalingappa et al.,

2020). The phenyl-enriched structures showed material performance superior

to that of FF nanotubes, with improved mechanical rigidity, thermal stability,

and piezoelectricity. The mechanical properties of the nanostructure can also

be tuned by using two peptides of different stereochemistry. Elevating the

level of FF peptide in the peptide mixture decreases the nanostructure’s stiff-

ness (Sedman et al., 2013).

TABLE 8.2 Fmoc-based peptide hydrogels.

S.

no

Sequence References

1 Fmoc-FF Mahler, Reches, Rechter, Cohen,
and Gazit (2006)

2 Fmoc-F, Fmoc-W, Fmoc-Y Tao, Levin, Adler-Abramovich, and
Gazit (2016)

3 Fmoc-FRGD-OH, Fmoc-RGDF-OH,
Fmoc-FG-OH

Orbach et al. (2012)

4 Fmoc-VLK(Boc), Fmoc-K(Boc)LV Cheng, Castelletto, Moulton,
Newby, and Hamley (2010)

5 Phosphorylated Fmoc-FFpY Criado-Gonzalez, Wagner, et al.
(2020)

6 Fmoc-FFY Criado-Gonzalez, Iqbal, et al. (2020)

7 Fmoc-RGDS, Fmoc-RGDS, Fmoc-
GRDS, and Fmoc-GRDS

Castelletto et al. (2011)
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8.4.2 Electrical properties

Among the amino acids, some side chains include hydrogen donor and

acceptor groups. These side chains are commonly involved in proton transfer

and proton-coupled electron transfer processes (Migliore, Polizzi, Therien, &

Beratan, 2014). In the context of protein and peptide-based films, these side

chains give rise to long-range proton transport (Amit et al., 2014).

Nakayama and co-workers have shown conductivity in the designed peptide,

GFPRFAGFP, which self-assembled to form fibers (Creasey, Shingaya, &

Nakayama, 2015). Ashkenasy and co-workers have demonstrated that the

aromatic stacking in D,L, α-cyclic peptide self-assembled nanotubes was

found to promote long range conductance in peptide self-assembly, and

hence could increase the conductivity (Yardeni, Amit, Ashkenasy, &

Ashkenasy, 2016). However, due to the inherently low dielectric constant,

energy translocation through peptide architectures is inefficient, which

severely hinders their practical application (Knowles & Buehler, 2011).

Incorporation of water molecules can improve the conductivity of bioinspired

supramolecular structure (Amit et al., 2014). Another way to improve charge

transfer inside peptide assemblies is by the utilization of doping, such as

through chemical conjugation or co-assembly with functional moieties

(Erwin et al., 2005). By concerning these points, Gazit and co-workers have

designed L,D-amino acid containing Trp dipeptide (Ww), which crystallized

into a layered organic-water structure (Tao et al., 2020).

8.4.3 Optical properties

The molecular arrangement during self-assembly determines the optical

properties of peptide nanostructures. The elementary building block of FF-

nanotubes or Boc-FF-nanospheres was shown to have the optical properties

of zero dimensional QD (Amdursky, Molotskii, Gazit, & Rosenman, 2009).

However, FF was also reported to form two-dimensional quantum wells dur-

ing thermal deposition at high temperature (Adler-Abramovich & Gazit,

2014). The change in optical property was attributed to the alteration of their

nanoscale packing, during vapor deposition process. Besselievre and co-

workers have used the lanreotide octapeptide cyclized peptide scaffold to

form nanotubes (Tarabout et al., 2011). The high resolution structure of the

nanotube walls shows that the cyclic peptides are stacked in a two-

dimensional crystal, which resembles a quantum well (Alivisatos, 1996).

Some of the most promising quantum-sized physical effects, found in

these nanomaterials, are the electron-optical spectral properties such as light

absorption and luminescence (Harrison, 2016). The nanoscale architecture

comprising the supramolecular structure revealed pronounced electron-

optical effects, which are highly specific for different quantum confinement

ordering and could be recognized optically for understanding of quantum
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confined shapes and dimensions (Amdursky, Molotskii, Gazit, & Rosenman,

2010).

8.5 Factors affecting nanoassemblies

Peptide self-assembly occurs due to the association of two or more molecules

mediated by physical interactions. In aqueous solution and in equilibrium, a

peptide molecule adopts a conformation that minimizes its free energy. The

main driving forces in the intramolecular interactions include hydrophobic

interactions, hydrogen bonding (intermolecular and intramolecular), Van der

Waals, aromatic, and electrostatic interactions (Wang, Liu, Xing, & Yan,

2016). These noncovalent interactions are relatively insignificant for isolated

peptides because they are generally weaker than covalent interactions. pH

(Martins et al., 2011), electric field,(Pandey & Ramakrishnan, 2020; Pandey,

Morla, Nemade, Kumar, & Ramakrishnan, 2019; Saikia et al., 2019), mag-

netic field (Pandey et al., 2017), and temperature (Ciani, Hutchinson,

Sessions, & Woolfson, 2002) also modulate nanoassemblies.

8.5.1 Aromatic π2π interactions

Burley and Petsko first reported the aromatic interactions in proteins (Burley &

Petsko, 1985). They have reported that phenyl ring centroids are separated by a

preferential distance, between 4.5 and 7.0 Å, and dihedral angles of 90 degrees

are commonly found to have aromatic π2π interaction (Burley & Petsko,

1985). In supramolecular chemistry, aromatic2π interaction is considered as a

noncovalent interaction between the organic molecules having aromatic moieties

(Hill & DeGrado, 1998; Sasidharan & Ramakrishnan, 2022).

On the basis of interactions between π electron-rich aromatic species, aro-

matic interactions can be classified as sandwich, parallel displaced, and face-to-

face stacking (Wheeler, 2011) (Fig. 8.6). The small, unsubstituted aromatic com-

pounds prefer edge-to-face geometry, whereas substituted and large multiring

aromatic compounds prefer parallel displaced geometry (Thakuria, Nath, &

Saha, 2019). Chakrabarti and co-workers examined the specific interactions and

packing preferences of tryptophan (Trp) with other aromatic amino acids. They

reported that interaction of Trp with Phe was more favorable in face-to-edge

(FtE) geometry as compared to face-to-edge (FtE) geometry (Samanta, Pal, &

Chakrabarti, 1999). The bulky indole side chain of Trp amino acid is capable of

establishing multiple interactions, including π � � �π, C2H � � �π, band

N2H � � �π, in which the indole nitrogen can also act as a hydrogen bond

donor (Mahalakshmi, Sengupta, Raghothama, Shamala, & Balaram, 2005).

Aromatic interactions are also crucial for the stability of the helix bundle pro-

teins. The different nanostructures formed by the pi2 pi interactions are nano-

tube (Görbitz, 2001), nanofibers (H. Zhang, Lou, & Yu, 2019), nanoflowers

Bioinspired functional molecular constructs Chapter | 8 229



(Sasidharan, Shyni, Chaudhary, & Ramakrishnan, 2017), and nanorods (Guo,

Luo, Zhou, & Wei, 2014).

8.5.2 Hydrogen bonding

Hydrogen bonds, are the interactions between hydrogen atoms and the electro-

negative atoms (Bartocci et al., 2018). The selectivity and high directionality of

hydrogen bonds can convert short peptides into diverse one-dimensional, two-

dimensional, and three-dimensional nanostructures (Kim et al., 2010; Krone

et al., 2008). Li and co-workers have demonstrated the formation of FF micro-

rods by hydrogen bond-based self-assembly (Li, Jia, Dai, Yang, & Li, 2015).

The characterizations of the self-assembled microrods indicated that 1,1,3,3,6,6-

Hexafluoro-2-propanol formed stable intermolecular hydrogen bonds with an FF

peptide, leading to the solvation of peptide molecules. The intermolecular

hydrogen bond strength modulated by elevated temperature and sonication

enables structural transitions between nanowires and nanotubes (Ziserman, Lee,

FIGURE 8.6 Schematic representation of aromatic interactions; (A) sandwich, (B) parallel dis-

placed, and (C) edge-to-face stacking leading to the formation of nanostructure. Blue line repre-

sents repulsive interactions, and green line represents attractive interactions.
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Raghavan, Mor, & Danino, 2011). Hydrogen bonding between peptide back-

bones is unique and plays a critical role in the one-dimensional growth of many

peptide aggregates (Paramonov, Jun, & Hartgerink, 2006). Lu and co-workers

have compared the self-assembly of I3K and L3K peptide, and found that repla-

cing isoleucine residues with leucine leads to a morphological change from long

nanotubes to spherical aggregates, with the corresponding secondary structure

transition from β-sheet to random conformation (Xu et al., 2010).

8.5.3 Hydrophobic interactions

Peptides resemble conventional surfactants in terms of possessing hydropho-

bic and hydrophilic moieties (Ghadiri et al., 1993). Stupp and co-workers

have shown that the self-assembly of amphiphilic peptide is prominently

governed by the relative strength of hydrogen bonding, compared with the

hydrophobic interactions (Tsonchev, Niece, Schatz, Ratner, & Stupp, 2008).

The aromatic residue of peptide plays a crucial role in determining the inter-

actions between molecules. The organizational mode of the aromatic residues

in the hydrophobic interactions is commonly disordered, while in π2π

interactions, it is well-ordered (Hu et al., 2020).

8.5.4 Electrostatic interactions

Electrostatic interactions play a significant role in the self-assembly of bio-

molecules (Kundu, Eltohamy, Yadavalli, Kundu, & Kim, 2016). The strength

of an ionic bond is dependent on the solvent (particularly its dielectric con-

stant) and the presence of mobile ions. Ionic bonds are generally stronger

and of longer range than hydrogen bonding (Faul & Antonietti, 2003).

Electrostatic bonds based on the Coulombic attractions between opposite

charges lead to the formation of ion-pairs. Bernier and co-workers have

described the self-assembly of a crown ether functionalized peptide through

the mediation of electrostatic interactions (Voyer, Roby, Deschěnes, &

Bernier, 1995). Su and co-workers have fabricated an artificial peptide nano-

fiber with peptide motif, VIAGASLWWSEKLVIA, further metallized to

synthesize nanofiber-based silver nanowires (Wang et al., 2014). A novel

hybrid nanomaterial was obtained successfully by assembling the prepared

silver nanowires on graphene nanosheets. In another study, Liu and co-

workers fabricated micelle-induced protein nanowires through an electro-

static interaction when the electronegative cricoid stable protein one (SP1)

assembled with positively charged cross-linked micelles (Sun et al., 2016).

8.5.5 Van der Waals interactions

Van der Waals forces, such as the interaction between aliphatic tails in pep-

tide amphiphiles, provide a crucial contribution to various noncovalent
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interactions and are ubiquitous in assembly systems (Tahara, Lei,

Adisoejoso, De Feyter, & Tobe, 2010). There are, however, only a few

examples that employ Van der Waals interaction as a dominant force for the

control of a peptide nanostructure (Tahara et al., 2010).

8.5.6 Solvent effects

Solvent affects the self-assembled nanostructure owing to different polarity,

dielectric constant, and hydrogen bonded network. Murphy and co-workers

investigated the effect of solvent system on the self-assembly of beta amy-

loid peptide (Shen & Murphy, 1995). In pure dimethylsulfoxide (DMSO),

Aβ peptide had no detectable β-sheet content. In 0.1% trifluoroacetate, how-

ever, content went upto 33% β-sheet, and in 35% acetonitrile/0.1% trifluor-

oacetate, Aβ peptide had two-third amino acids in β-sheet conformation,

equivalent to the fibrillar peptide in physiological buffer. Hamley and co-

workers have demonstrated that the short peptide fragments, derived from

β-amyloid peptide, AAKLVFF exhibited distinct structural differences

depending on solvent polarity (Hamley et al., 2010). Zhimin and co-workers

examined the effect of solvent system on the FF peptide to form either nano-

fibers or nanotubes after heating to 95�C and subsequent cooling in solution,

or alternatively, deposition on the surfaces (Huang, Qi, Su, Zhao, & He,

2011). Interestingly, they have reported that upon cooling from mixed water-

2methanol systems, nanofibers can form in solution, but no formation is

observed when the percentage of methanol exceeds 70%. In these conditions,

nanofibers are formed only upon drying on glass surfaces. Authors attributed

this behavior to the ability of methanol to form hydrogen bonds with the

diphenylalanine molecules, leading to good solvation of peptide molecules

(Huang et al., 2011). Roy and co-workers have investigated the solvent effect

on the gelation of laminin-derived peptide (Jain & Roy, 2020). They have

chosen the solvents of different polarity varying from highly polar phosphate

buffer saline (pH 6) to 10% DMSO/water (0.1% TFA) and comparatively

weak polar 50% ACN/ water (0.1% TFA). The gelation results clearly

revealed that aqueous-organic mixtures are more favorable for inducing hier-

archical self-assembly in more hydrophobic peptide derivatives by promoting

hydrophobic and aromatic interactions between gelator moieties, which oth-

erwise could not have been possible in aqueous solvents due to their poor

solubility (Liu et al., 2017).

8.6 Applications of de novo designed peptide constructs

Peptide-based nanomaterials have been used for a myriad of biological appli-

cations, leveraging in large part their property to self-assemble (Fig. 8.7).
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8.6.1 Tissue engineering

Bioinspired materials for tissue repair have been among the most exhaustively

explored fields in biomaterials research (Panda & Chauhan, 2014). Pedone and

co-workers have designed the peptide, QK, mimicking the vascular endothelial

growth factor (VGEF) (D’Andrea et al., 2005). VGEF is the principle regulator

of angiogenesis. Hartgerink and co-workers have incorporated the QK peptide

to the nanofiber forming peptide sequence, which self-assembled to form hydro-

gel (Kumar et al., 2015). The conjugated peptide sequences potentially promot-

ing VEGF receptor activation, dimerization, clustering, and intracellular

angiogenic signaling at the site of nanofibrous hydrogel delivered (Kumar et al.,

2015). Stupp and co-workers have designed a peptide nanoribbon mimicking

the activity of fibroblast growth factor-2 (FGF-2) (Rubert Pérez, Álvarez, Chen,

Aytun, & Stupp, 2017), which is a regulating factor in angiogenesis, cell differ-

entiation, and wound healing (Rubert Pérez et al., 2017). Peptide sequences

have also been designed as antiinflammatory motifs (Niyonsaba et al., 2013),

surface adherence molecules (Shin, Jo, & Mikos, 2003), and corneal tissue

repair (Islam et al., 2016).

8.6.2 Drug delivery systems

The clinical efficacy and effect of conventional chemotherapeutics against

tumors are compromised by several factors including poor solubility, short

FIGURE 8.7 Applications of self-assembled nanostructures.
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half-life in vivo, the weak penetration capability, and the low specificity

(Luo, Dai, & Gao, 2019). Ingeniously designed drug delivery systems can

improve the bioavailability of drugs or minimize the adverse effects of drugs.

Among the different drug delivery systems, peptide-based drug delivery sys-

tems are important because (1) the unique biochemical functionality encoded

by peptide sequences enables an active targeting (Kebebe et al., 2018), (2)

the structure of peptide assembly can be programmatically modulated by

intrinsic and external stimuli to achieve a controllable release of the payload

into the target region (Raza et al., 2019), (3) peptides are biocompatible

compared to the synthetic organic compounds, and (4v) the reactive terminus

and side chains of peptides can be used as a reactive site to conjugate che-

motherapeutics (Meng et al., 2019). Peptides as a drug delivery vehicle can

be utilized as targeting peptides, CPPs (Gaurav & Santhoshkumar, 2020;

Goyal & Ramakrishnan, 2019), and stimulus-responsive peptides. Peptides

have been de novo designed to target the blood vessels. NGR and RGD motif

peptides can bind to the blood vessels of tumor areas (Ruoslahti, 2002).

Deutscher and co-workers have synthesized a six amino acid containing pep-

tide, KCCYSL, which was used for in vivo imaging of EGFR-2 expressing

breast tumors by PET (Kumar et al., 2010). In another work, Sofou and co-

workers have used the same KCCYSL sequence for the targeted delivery of

doxorubicin drug (Bandekar et al., 2013).

8.6.3 Antimicrobial peptide hydrogel for wound healing

Despite advancements in medical technology, infectious diseases caused by

microorganisms such as bacteria, viruses, and fungi remain a major threat to

public health. Furthermore, overprescription and misuse of antibiotics also

have escalated the drug resistance. Chronic wound infections and develop-

ment of antibiotic resistance are affecting people worldwide. Antimicrobial

peptides kill bacteria effectively, but their susceptibility to degradation limits

their use for topical application only. In recent years, tremendous research

has been conducted to utilize hydrogels either as an antimicrobial agent

(Moorcroft, Roach, Jayne, Ong, & Evans, 2020) or as a drug carrier

(Atefyekta et al., 2021). Chitosan, a natural linear polysaccharide, was inves-

tigated to form hydrogels and subsequently as a potential antimicrobial

hydrogel. Hsieh and co-workers have reported a chitosan-γ-poly(glutamic

acid) polyelectrolyte complex hydrogel possessing antimicrobial property

against Staphylococcus aureus and E. coli. (Tsao et al., 2010). Interestingly,

the formed hydrogels also promote the 3T3 fibroblast cell proliferation, and

hence induced wound healing. In addition to polymer-based hydrogels,

peptide-based antimicrobial hydrogels are also reported recently. Schneider

and co-workers have designed a 20-residue β-hairpin peptide hydrogel scaf-

fold for tissue regeneration, which also has an inherent antimicrobial prop-

erty (Salick, Kretsinger, Pochan, & Schneider, 2007).
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TABLE 8.3 Peptide-based hydrogels for diabetic foot ulcer.

S.

no.

Hydrogels Compositions Reference

1 Chitosan-peptide-collagen hydrogel Chitosan-collagen hydrogel with peptide: QHREDGS Xiao et al. (2016)

2 Hydroxyethyl cellulose peptide
hydrogel

Peptide: RQPKIWFPNRRKPWKKRPRPDDLEI entrapped in
cellulose

Grek et al. (2015)

3 Multidomain peptide hydrogel Peptide: K2(SL)6K Carrejo et al. (2018)

4 Dispersin B-KSL-W hydrogel Dispersin BPeptides: KKVVFWVKFK, and KKVVFKVKFKPluronic
F-127

Gawande, Leung, and
Madhyastha (2014)

5 ODEX/HA-AMP/PRP hydrogel Oxidized dextranPlatelet-rich plasmaPeptide:
SWLSKTAKKLFKKIPKKIPKKRFPRPRPWPRPNMI-NH2

Wei et al. (2021)

6 Chitosan-peptide hydrogel ChitosanPeptide: LLGDFFRKSKE-
KIGKEFKRIVQRIKDFLRNLVPRTES

Yang et al. (2020)

7 Glucose oxidase loaded
antimicrobial peptide hydrogels

Glucose oxidePeptide: IKYLSVN Zhao et al. (2020)



Diabetic foot ulceration and infections are one of the prominent causes of

mortality and morbidity in developing countries. The microbiological profil-

ing of diabetic foot infection shows the presence of pathogens such as

Pseudomonas aeruginosa, S. aureus, and Enterobacter species (Gadepalli

et al., 2006). Peptide hydrogels and its composite with chitosan have been

investigated as an antimicrobial agent useful in the diabetic foot ulcer

(Table 8.3).

8.6.4 Biosensors

Peptides have also been employed as recognition elements in bio-sensing

(Liu, Wang, & Boyd, 2015). For instance, peptides with short chains of

amino acids generally have better chemical and conformational stability than

proteins. Peptide-based biosensors have been fabricated for the detection of

several analytes, including cell proteins, metal ions, proteases, kinases,

Bacillus species, nucleic acids, and antibodies (Liu et al., 2015).

Electrochemical biosensors based on screen-printed electrodes and peptides

are interesting alternatives for molecular diagnosis (Hasanzadeh & Shadjou,

2017).

Chai and co-workers have developed an electrochemical peptide

cleavage-based biosensor for the detection of prostate-specific antigen using

silver deposition on electrode (He, Xie, Yang, Yuan, & Chai, 2015). Other

recently explored applications of peptide-based molecular constructs are in

energy storage devices (Colherinhas, Malaspina, & Fileti, 2018), bioimaging

(Liu, Sun, & Liang, 2020), antifouling agents (Sakala & Reches, 2018), and

MOF (Schnitzer, Paenurk, Trapp, Gershoni-Poranne, & Wennemers, 2021).

8.7 Conclusion and future directions

Extensive research has been performed in the field of supramolecular self-

assembly of peptides in last 20 years. The wide range of self-assembled

architecture, formed by these molecules, has been explored in various fields.

The work has been conducted to address different problems, such as to

deliver the small drug molecules to specific targets (Yunching Chen, Wu, &

Huang, 2010), to increase the efficiency of anticancer drug, sustained release

of drug molecules, find the replacement of conventional vaccine for reducing

side effects, and replacement of hazardous batteries with biodegradable

materials. Here we have provided an overview of different nanomaterials

fabricated by peptide molecules with possible applications. The stimulus-

responsive materials have opened a different field of research in the field of

drug delivery systems where drugs can be released only by changing the pH.

Peptides and small molecule-based nanostructures can be good alternatives

as drug delivery systems as they possess certain characteristics such as good

biocompatibility, ease of synthesis, and functionalization. The efforts to
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replace the conventional vaccines with peptide-based vaccines offers several

advantages such as less toxicity, easy to synthesis protocol, and stability.

Although several methods have been applied to control the formation of self-

assembled structures, total control of the designed peptide conformation and

assembled supramolecular structure still remains elusive.
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9.1 Introduction

Biotechnology has a positive impact on the globe. As a result, patenting is

critical, and it gives inventors exclusive rights to create, use, and sell their

discoveries for the next 20 years.

Without patenting in biotechnology, compounds would be treated more

like trade secrets, with no one other than the proprietor knowing how some-

thing is manufactured or done. This way of thinking prevents technological

breakthroughs and, as a result, no significant improvements in living.

Patents, on the other hand, are notoriously difficult to understand. Even if

an individual is awarded one on their own, competitors of larger organiza-

tions frequently find ways to get around infringement laws and profit from

someone else’s concept. As a result, it is critical to enlist the assistance of a

knowledgeable patent attorney. These are experts that have spent years

studying legalese and are well-versed in patent application and related pro-

cesses. Thus being comprehensive from the start is the greatest option.

9.2 Basics of protein and peptide structure

Peptides are the building components of proteins, and the functioning of a

protein is determined by its unique folding. The native state of a folded pro-

tein is the most accurate representation of a protein’s function. There are

reports of primary, secondary, and tertiary protein structures. There are vari-

ous repositories where information about protein structures can be found.

Although data sets relating to protein structure information are not

patentable in and of themselves, they can be indirectly preserved by integrat-

ing them with a specific complex or application. Because of the storage of

the appropriate data set in a computer-readable memory, it is achievable to

secure the tertiary conformation of a protein.
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Patentable uses include (1) altering amino acid residues in the active

region of a protein to improve bioactivity, (2) changing the stability of a pro-

tein by inserting or removing intramolecular links that do not influence its

function, (3) altering a protein’s surface accessible residues to reduce immu-

nogenicity, and (4) improving the solubility of a protein by changing the

solvent-accessible regions. A number of recently issued patents show the

many types of protection available in the United States for tertiary structures

and their applications (Meyers, Turano, Greenhalgh, & Waller, 2000).

9.2.1 Patents

● US5856116: Interleukin-1 beta, an inactive precursor of the proinflamma-

tory cytokine resides in Interleukin-1-beta converting enzyme (ICE). The

invention identified human ICE crystal structure using X-ray diffraction,

combined with an inhibitor. The active site involves both the 20 and

10 kDa subunits. The structural coordinates of the enzyme could be

employed to create new types of ICE inhibitors (Wilson, Griffith, Kim, &

Livingston, 1999).
● US5989169: The present discovery refers to a technique for producing a

Termamyl-like amylase, which is a variation of a parent Termamyl-like

amylase that has at least one changed property and amylase activity when

compared to the parent amylase. This method includes identifying at least

one amino acid residue or structural element of the parent Termamyl-like

amylase structure by analyzing the structure of the parent Termamyl-like

amylase (Svendsen, Bisgård-Frantzen, & Borchert, 1999).
● US5835382: Computer-assisted methods for discovering compounds that

will attach to the erythropoietin (EPO) receptor and operate as an EPO

mimic are included in the invention. In one or more in vitro or in vivo

biological assessments of EPO activity, preferred EPO mimetics were

identified using the technology of the invention function as agonists of

the EPO receptor (I. A. Wilson, Livnah, Stura, Johnson, & Jolliffe,

1998).
● US6063636: In a patient, an approach to detect accumulated proteins in

the body fluid from the patient, preparing the fluid, and introducing the

prepared fluid to size-exclusion chromatography in order to establish an

excreted fluid, and analyzing the excreted fluid to identify biomolecules

with a predetermined molecular weight (Stevens, Myatt, & Solomon,

2000).
● US5966712: The database contains genomic libraries for a variety of spe-

cies, each of which contains multiple genomic sequences, at least some

of which represent open reading frames located along a contiguous

sequence on each of the organism’s genomes, and a user interface that

can recognize a selection of two or more genomic libraries for compari-

son. A user interface is also included in the system, which can take and
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display a list of one or more probe open reading frames for use in deter-

mining homologous connections between those probe open reading

frames and the open reading frames in genomic libraries (Sabatini et al.,

1999).

9.3 Modeling and simulation of peptides

Conformations of proteins and protein complexes are important not just for a

basic understanding of molecular biology underpinnings of principles of life,

but also for inspection and creating unique medications for therapeutic uses.

The two primary types of Protein Structure Prediction (PSP) techniques that

have been developed are template-based modeling (TBM) and predicting de

novo structure. Using preexisting protein structures as templates, TBM pre-

dicts the native structure of a protein target based on homology modeling or

threading alignments. De novo PSP (template-free modeling) can be

employed to predict unique protein folds in the absence of an appropriate

template. Predominantly used as well as successful ones rely on combining

associated structural fragments having specific potential energy (scoring)

functions acquired by employing protein structure mining. The predicted

models of protein can have a huge spectrum of accuracies, making them

applicable for a wide range of uses. All of the aforementioned well-known

PSP techniques are knowledge-based, as they rely on a database of

sequences and structures. Two of the most extensively utilized methods for

conformational search are Monte Carlo (MC) and molecular dynamics (MD).

Using either atomistic or coarse-grained models, the MC method has been

used to investigate peptide folding and protein folding. It has also been used

to estimate protein loop shapes. Although MC approaches can be as precise

as MD methods, in theory, they may be less efficient when applying fine-

grained model, particularly when there is a significant number of explicit sol-

vent molecules (Geng, Chen, Ye, & Jiang, 2019).

Peptide and protein isolation and characterization studies enable the col-

lection of data sets on their structures and properties/activities. Quantitative

structure activity relationship modeling is a technique for determining mathe-

matical expressions for such connections, which may subsequently be used

to estimate the activities of related compounds and anticipate high-activity

structures (Pripp, Isaksson, Stepaniak, Sørhaug, & Ardö, 2005).

9.3.1 Patents

● US5612895A: One method of rational drug design is to simulate polypep-

tides in a way that estimates the most probable two-dimensional and/or

three-dimensional structure of a polypeptide, such as an oligopeptide,

without making any assumptions about the conformation of the funda-

mental primary or secondary structure. The method comprises simulating
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a real-size basic structure in an aqueous environment, isobarically and

isothermally reducing the size of the polypeptide, and then expanding the

modeled polypeptide to its real size over time (Balaji & Singh, 1997).
● EP1163639A1: The invention provides a method for constructing three-

dimensional structure of a protein using well-known, insufficiently

encoded secondary structure restrictions and scanty knowledge regarding

appropriate side chain interactions. The method is based on reduced

modeling of protein structure and dynamics in which the protein is

defined by side chain mass centers rather than alpha-carbons. The model

implicitly simulates long and the short stacking requirements, hydrogen

bonding cooperativity, and an overall average force potential characteriz-

ing hydrophobic interaction. For successful fold construction, the

approach requires fewer tertiary constraints; on average, one for every

seven residues. The method can be used to build a model depending

upon a variety of derived structural constraints from several studies

(Skolnick & Kolinski, 2001).

9.4 Glucagon-like peptide-1 analogs

The endogenous incretin glucagon-like peptide-1 (GLP-1) is important for

glucose homeostasis. Intestinal L-cells release GLP-1, a 30-amino acid pep-

tide, in response to dietary intake (Fig. 9.1). Preproglucagon, a precursor to

numerous peptides associated with glucagon, undergoes posttranslational

processing to create it. It comes in two forms: GLP-1(736)-NH2 and GLP-1

(737), and it works by activating the GLP-1 receptor (GLP1R), which is part

of G-protein-coupled receptors (Manandhar & Ahn, 2015). While GLP1R is

present in a variety of organs, including the heart, brain, pancreas, kidney,

and GI tract, research has indicated that it is specifically expressed in the

pancreas (Manandhar & Ahn, 2015).

9.4.1 Patents

● WO2015000942: The invention concerns peptides similar to GLP-1 that

is C-terminally expanded GLP-1 mimics. The derivatives are made up of

two side chains, one of which corresponds to position 42 and the other to

18, 23, 27, 31, 36, or 38 positions when compared to GLP-1 (7�37). A

C19, C20, or C22 diacid protracting moiety and a linker are included in

the side chains. The invention also encompasses intermediate products,

such as novel GLP-1 analogs incorporated in the invention’s derivatives,

as well as pharmaceutical formulations and medical applications. The

derivatives have unusually long half-lives while still being strong, making

them potentially suitable for administration once a month (Reedtz-Runge,

Kofoed, Tornoe, & Sauerberg, 2015).
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● WO2019060660: Long-acting coagonists peptides of the glucagon and

GLP-1 receptors are described in this invention (Palani et al., 2019).
● WO2019016306: Compounds beneficial in the treatment of diabetes,

weight loss, and/or cardiovascular risk reduction is disclosed in the appli-

cation. Because the compounds are bi-functional, they can be used as

straightforward treatment for patients who benefit from both GLP-1

receptor agonist and PCSK9 inhibitor therapy (Tornøe, Kodal, Reedtz-

Runge, & Lykke, 2019).
● WO2016198628: The current application relates to exendin-4 derivatives

and their medicinal implementations, for example, the treatment of meta-

bolic syndrome disorders such as obesity and diabetes, as well as calorie

restriction (Kadereit et al., 2016b).
● WO2017153575: GLP-1/glucagon agonist peptides are administered to

patients to prevent and treat obesity and diabetes (Bednarek, Jermutus,

Ambery, & Petrone, 2017).
● WO2017178829: Amino acid alterations at one or more of positions

12 5 are supplied in peptide hormone analogs of formulae (I)2 (IV).

Pharmaceutical compositions containing said analogs, as well as methods

of using said analogs to treat obesity and diabetes, are also disclosed

(Bloom & Jones, 2017).
● US20180155406: The current invention refers to trigonal GLP-1/gluca-

gon/GIP receptor agonists and their medicinal applications, such as treat-

ing metabolic syndrome disorders such as obesity and diabetes, as well as

reducing excessive calorie intake (Bossart et al., 2018).
● WO2018178796: The Patent Cooperation Treaty (PCT) application

relates to making KEX-1 protease sensitive polypeptides using yeast

FIGURE 9.1 Analog of glucagon-like peptide-1 (GLP-1) created to treat type 2 diabetes.
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strain, which utilizes nucleic acids that encode precursor forms of the

polypeptides that contain, at their C-termini, at least one additional amino

acid each of which is susceptible to degradation by carboxypeptidase B,

and wherein the C-terminal amino acid of the precursor is resistant to

degradation by KEX1. Precursor polypeptides that are biologically inac-

tive may then be converted to the mature, biologically active polypep-

tides via cleavage of at least one C-terminal amino acid using

carboxypeptidase B (Thennati et al., 2018).
● WO2019125929: Incretin analogs with action at the GIP, GLP-1, and

glucagon receptors are reported. The structural properties of the incretin

analogs result in balanced activity and a longer duration of action at each

of these receptors. Methods for treating diabetes, dyslipidemia, fatty liver

disease, metabolic syndrome, nonalcoholic steatohepatitis, and obesity

are also provided (Alsina-Fernandez, Coskun, Guo, & Qu, 2019).

9.5 Peptide-based antibiotics

Enhancing the antibacterial effect of medications is a crucial technique for

combating antimicrobial resistance. High-throughput screening and cloning

of numerous pathogens’ genomes, combined with in silico methods, facili-

tated the discovery of alternative cellular pathways as a reservoir of poten-

tially new antimicrobial targets thought to be important for pathogen

metabolism and reproduction (Annunziato & Costantino, 2020). Antibiotic

peptides are a wide family of molecules that are found in all forms of life

and are thought to be promising compounds for combating antimicrobial

resistance. These AMPs have been shown to have several advantages over

standard antibiotics, including a wider range of antibacterial activity and the

ability to overcome bacterial drug resistance (Annunziato & Costantino,

2020). Gramicidin, derived from Bacillus brevis, which proved active against

a wide spectrum of Gram-positive and Gram-negative bacteria, was the first

natural peptide reported in 1939 (Annunziato & Costantino, 2020) (Fig. 9.2).

9.5.1 Patents

● US9707282B2: The current invention concerns antibacterial and immuno-

modulatory host defense peptides in general, and more US patent docu-

ments particularly (Hancock, Hilpert, Cherkasov, & Fjell, 2017).
● US10077293: The current invention concerns an antimicrobial peptide

analog obtained from abalone, as well as an antimicrobial pharmaceutical

formulation including it. The antimicrobial peptide analog according to

the present disclosure is based on hdMolluscidin, a peptide generated

from the gill of abalone that has been reduced in number of amino acids

to make it commercially viable. Despite having fewer amino acids, the

proposed peptide analog has excellent antibacterial action, good
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membrane permeability, and minimal hemolytic activity (Seo, Lee, Cho,

& Lee, 2018).
● US2015/0344524: This invention is about antibiotic peptides that have

been modified for use in medicine. Compositions and methods for elimi-

nating microorganisms such as bacteria, viruses, or fungi, as well as

methods for treating microbial illnesses, are also included in the inven-

tion. The goal of the idea is to create new antibiotic peptides with

improved antibiotic action and a broader spectrum of activity against var-

ious bacteria, especially Gram-positive bacteria like Staphylococcus

aureus (Hoffmann, Knappe, Hilpert, Mikut, & Ruden, 2015).
● US2016/0376306 A1: The invention relates to antibacterial compositions

that are therapeutically viable and based on extremely short cationic pep-

tides that mimic host defense (HDCPs). As new antibacterial drugs, the

FIGURE 9.2 Diagrammatic representation of the activity of antimicrobial peptides.
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invention relates to template-based N-terminal modified di-

peptidomimetics with or without alterations in the polyamine backbone.

Under in vitro settings, the compounds described in the current invention

do not acquire resistance to methicillin-resistant S. aureus (MRSA), and

so may be employed as topical treatments or in other applications

(Santosh, Prasad, & Seema, 2016).
● WO2019/027366 A1: The current invention pertains to peptides compris-

ing guanidine and halogenated biphenyl moieties of the formula (I), as

well as salts and solvates of each of these peptides, procedures for pre-

paring them, compositions containing them, and their uses. The chemicals

have been discovered to have a strong microbicide activity and are

suitable for resisting bacteria, such as MRSA strains, at extremely low

concentrations (Chia, 2019).
● WO2016/150576 A1: Beta-hairpin peptidomimetics with Gram-negative

antibacterial activity to inhibit the growth or kill microorganisms such as

Klebsiella pneumonia, Acinetobacter baumannii, Escherichia coli, and

Pseudomonas aeruginosa are provided by the present invention.

Furthermore, the current invention provides an efficient synthetic proce-

dure that allows these compounds to be synthesized in parallel library

style if required. Furthermore, the invention’s beta-hairpin peptidomi-

metics have increased efficacy, reduced red blood cell hemolysis, and

reduced or no cytotoxicity. They can be used to treat or prevent illnesses,

as well as to disinfect foods, cosmetics, pharmaceuticals, and other

nutrient-containing items (Obrecht, Luther, Bernardini, Zbinden, &

Lederer, 2016).

9.6 Drug delivery vehicles

Pharmaceutical corporations are becoming interested in small molecular, oli-

gonucleotide, and protein therapies. The various drug candidates’ intrinsic

properties, however, hindered their therapeutic efficacy. Drugs containing

oligonucleotides and proteins are tough to enter the cell membrane and are

susceptible to protease and nuclease degradation. As a result, building a

robust and to develop an effective mechanism to address these drug delivery

constraints. An optimal drug delivery system protects drug molecules from

disintegration, prolongs circulation in vivo, targets the area to decrease toxic

side effects for cells, regulates the release of the drug, and efficiently

removes drug molecules (Yang, An, & Wang, 2021).

Peptides are polymers, comprised of monomeric amino acids connected

by amide bonds that are abundant in biological systems and play a vital role

in biological functions. As a result, it is biodegradable and biocompatible by

nature, formulation an ideal building component for biomaterials. In biology,

20 natural amino acids are used to make peptides. As fundamental assembly

units, these peptide sequences with specified characteristics are able to
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self-assemble into various sizes and morphologies nanomaterials in several

dimensions, as well as with various functions and stable structures. The qual-

ities are responsible for peptide nanostructures’ unique scaffolds with excel-

lent delivery potentiality, which have the potential for nanoscale drug

delivery system design from the bottom up (Yang et al., 2021).

Pharmaceutical companies are increasingly turning their attention to pep-

tide vaccines and treatments (Storz et al., 2012). The functions of each pep-

tide category, including peptides, target tumors, peptides that have the ability

to penetrate cells, peptides targeting to subcellular organelles, and peptides

able to penetrate different tumors, and an exhibition of four different types

of peptide-functionalized delivery vehicles were presented (Tang, Wei, &

Yu, 2021) (Fig. 9.3). Tumor homing peptides are versatile biomolecules that

have been used to develop peptide-based drug delivery systems in a range of

cancers (Goyal et al., 2021).

9.6.1 Patents

● US20080207497: The current invention relates to cancer prevention,

treatment, and diagnosis, particularly carcinomas such as ovarian carci-

noma. Peptides, polypeptides, and polynucleotides are among the pep-

tides, polypeptides, and polynucleotides described in the invention

(Ramakrishna, Ross, Philip, & Keller, 2002).
● WO200246416: The current invention relates to cancer prevention, treat-

ment, and diagnosis, particularly carcinomas such as ovarian carcinoma.

Peptides, polypeptides, and polynucleotides which are disclosed in the
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FIGURE 9.3 Schematic representation of peptide-based drug delivery system.
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invention can act as a stimulant of cytotoxic T lymphocyte (CTL)

response for cancer (Ramakrishna, Ross, Philip, & Keller, 2002).
● WO2008070047: The current invention pertains to cancer stem cell pre-

vention, treatment, and diagnosis formulations and techniques. Peptides,

polypeptides, and polynucleotides are disclosed that can be employed to

activate a CTL response against cancer cells, particularly cancer stem

cells (Philip & Keller, 2008b).
● WO2008088583: The current invention is concerned with formulations

and techniques for the treatment, and diagnostics of several types of can-

cer, particularly carcinomas such as breast carcinoma. Peptides, polypep-

tides, and polynucleotides that can be employed to activate a CTL

reaction against breast cancer are disclosed in this invention (Philip &

Keller, 2008a).
● WO2004052917: At least one epitope or analog from p53, HER2/neu,

CEA, MAGE3, or MAGE2 is included in a peptide or composition

(Keogh, Southwood, Fikes, & Sette, 2002).
● WO2002061435: Methods for developing vaccinations that are effica-

cious in people who have the A2-supertype allele are outlined. Single

amino acid substitution analogs of known peptides bind to A2-supertype

and comprehensive peptide libraries were employed to characterize the

specificities of peptide binding to A2-supertype molecules. During dis-

coveries of each molecule, in order to have its own preferences, there

were significant commonalities in specificity. A2-supertype molecules

tolerated the hydrophobic and aliphatic residues L, I, V, M, A, T, and Q

in position 2 of peptide ligands. At the C-terminus, T, V, A, M, I, and L

were tolerated. Allele-specific preferences emerged from secondary

effects on peptide binding, but similar features were uncovered and used

to build an A2-supermotif. Over 70% of peptides that bind A�0201 with

high affinity also bind to at least two other A2-supertype molecules,

implying that cross-reactivity is linked to similar properties (Sidney,

Sette, Grey, & Southwood, 2002).
● WO0006723: The subject of current discovery is tumor-associated anti-

gen (TAA) peptides as well as their application as antitumor vaccines,

including polynucleotides encoding them, and cells presenting them. The

present invention is more specifically directed to TAA peptides derived

from Uroplakin Ia, Ib, II, and III. Prostate-specific antigen, prostate acid

phosphatase, and prostate-specific membrane antigen, BA-46

(Lactadherin), Mucin (MUC-1), and Teratocarcinoma-derived growth fac-

tor (CRIPTO-1), are applied as antitumor vaccine. The current invention

is particularly concerned with antigen peptides associated with tumors

that are presented by HLA-A2 molecules to the immune system

(Eisenbach et al., 2000).
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9.7 Protein aggregation

In vivo, protein/peptide aggregation frequently occurs at the membra-

ne�cytochylema contact and behaves differently than in bulk solution. Blood

clotting, the ineffectiveness of proteinic medicines, and the formation of amyloid

plaques are all examples of protein aggregation. Protein aggregation can be ben-

eficial in some situations. Blood coagulation and wound healing, for example,

are dependent on the aggregation of a certain protein. Protein aggregation, on

the other hand, is usually associated with undesirable biological processes or

even fatal disorders such as cataract development, sickle cell disease, and arte-

rial thrombosis (Fig. 9.4). Furthermore, neurodegenerative diseases such as

Alzheimer’s disease (AD), Huntington’s disease, Parkinson’s disease (PD),

amyotrophic lateral sclerosis (ALS), and prion diseases are likely the most well-

known diseases related to protein aggregation-induced disorders (Lu, Tang,

Xiong, Qing, & Sun, 2016). The aggregation of improperly phosphorylated

microtubule-associated protein tau into paired helical filaments and neurofibril-

lary tangles (NFTs) is defined by tauopathies, a group of progressive neuropath-

ological disorders (Pandey, Morla, Kumar, & Ramakrishnan, 2020).

9.7.1 Patents

● US8268628B1: Without the use of probes or additives, the discovery pro-

poses a technique for assessing aggregation in protein, peptide, or peptoid

formulations. The method combines FTIR spectroscopy with two-

dimensional correlation analysis, allowing for the detection of aggregates,

FIGURE 9.4 Several conformational states of a protein in a cell.
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the identification of the mechanism of aggregation, and the modification

of the protein’s pipeline production process to produce viable protein

once again (Pastrana-Rios & Lloro-Manzano, 2012).

9.8 Peptide nanomaterials

Molecular self-assembly is a pervasive phenomenon in nature that describes

the spontaneous connection of individual molecules under thermodynamic

conditions into a well-defined and rather stable supramolecule through non-

covalent interactions (Li, Lu, Zhang, Hu, & Li, 2022). Various supramolecu-

lar structures are formed by the symmetric self-assembly of proteins.

Viruses, bacterial microcompartments, and eukaryotic vaults are examples of

such structures. Synthetic biology is introducing peptide/protein-based nano-

particles for a variety of medicinal uses, mostly as drug targeting and deliv-

ery systems or vaccinations (Doll, Dey, & Burkhard, 2015). Molecules are

sustained in a stable, low-energy state by their interactions (Li et al., 2022).

Nanotubes, nanofibers, hydrogels, and nanovesicles are some of the nanos-

tructures that result, and they all have different physico-chemical and

mechanical properties (Pentlavalli, Coulter, & Laverty, 2020) (Fig. 9.5).

9.8.1 Patents

● US7745708B2: Compounds, formulations, and procedures involving pep-

tide amphiphiles for self-assembly or the production of nanofibrous

FIGURE 9.5 Self-assembly of peptides and formation of several nanostructures.
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networks in neutral or physiological circumstances (Stupp, Hartgerink, &

Beniash, 2010).
● US7390526B2: Biomimetic composites with peptide amphiphiles and

surface-modified substrates, as well as attachment mechanisms (Stupp,

Spoerke, Anthony, & Niece, 2008).
● 243/KOL/2015: In an X-ray diffractogram obtained with X-ray radiation

of wavelength 1.5418 A�, the present invention relates to a crystalline

dihistidine nanostructure with peaks at 2 theta values of about 11.6 A�

and 14.2 A�. A method for the manufacture of crystalline dihistidine

nanostructure is also included in the invention.
● US9486409B2: Nanoparticle compositions including one or more pep-

tides are provided by the present invention. The present invention facili-

tates the transdermal distribution of such peptides without peptide

alteration, chemical or mechanical abrasion, or skin disturbance (Edelson

& Kotyla, 2016).

9.9 Peptide-based hydrogels

Hydrogels are the current biomedical engineering achievements. They are

water-retentive, flexible, jelly-like materials. Such hydrogels have a

molecular-level fibrous network capable of trapping water and other water-

soluble substances (Datta & Chaudhary, 2021). Short to ultra-short peptides

have emerged as minimalistic building blocks, resulting in the identification

of new functional capabilities as a result of their self-assembly (Saikia et al.,

2021). Regenerative medicine, sustained drug delivery, dressing wound, vac-

cine adjuvants, and tissue engineering are all possible applications for these

materials. Peptides and peptide-based materials have received special atten-

tion among the several molecules that might cause hydrogelation (Fig. 9.6).

Peptides have several advantages over other polymers, including biodegrad-

ability, biocompatibility, the ability to create peptide/nonpeptide hybrids, and

the ability to tune properties by perturbing amino acids (Datta & Chaudhary,

2021).

9.9.1 Patents

● US8835395B2: The present invention introduces a new class of peptides

that can be employed to make hydrogels. The peptides are short (30

amino acids or less) and contain hydrophilic and hydrophobic segments

connected by a turning segment. The hydrogels are created by adjusting

the pH of a peptide solution or adding a source of ions to the solution.

Shear thinning hydrogels with high storage moduli and strong recovery

rates after destruction are the result. They are used in a variety of medici-

nal fields, including tissue engineering (Sun & Huang, 2014).
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● US20040242469A1: Compositions containing self-assembling peptide

hydrogels and cardiovascular system cells, particularly endothelial cells,

cultured in or on the gels are described in the invention. Endothelial cells

create capillary-like structures according to some versions of studies. The

endothelial cell2 gel matrix acts as a prevascularized scaffold for the

growth of other cell types. Smooth muscle cells and/or fibroblasts are

used to form mature blood arteries in or on the scaffold. The invention’s

compositions can be utilized for cell-culture and administering to a per-

son to diagnose several diseases, such as cardiac malfunction or injury

(Lee, Kamm, Narmoneva, & Zhang, 2004).
● WO2004007683A2: Cells, such as progenitor cells, stem cells, and their

progeny, are contained within self-assembling three-dimensional peptide

hydrogel frameworks in the present invention (scaffolds). A nanoscale

environment is created by the scaffolds. As a result, the invention creates

a nanoscale structure that encases cells. Progenitor cells and/or their off-

spring can differentiate or transdifferentiate inside the structures, accord-

ing to some embodiments of the invention. The invention entails

implanting peptide hydrogel structures containing cells or cells retrieved

after growing in peptide hydrogels into the body to cure disease (Semino,

Shen, Sherley, & Zhang, 2004).
● US9994615B2: The invention provides a glucose-binding amphiphilic

peptide hydrogel insulin delivery device that is responsive to glucose

concentrations under physiological conditions. Insulin is encased in a glu-

cose binding hydrogel consisting of self-assembling amphiphilic peptides

with a hydrophobic domain with a beta-sheet generating region and a

charged hydrophilic domain with a glucose binding segment. The formu-

lations are designed to release insulin in response to blood glucose levels,

keeping patients’ blood glucose levels in a healthy range and preventing

hyper- and hypoglycemia (Langer, Anderson, Gu, & Aimetti, 2018).

FIGURE 9.6 Schematic representation of peptide-based hydrogels.
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9.10 Therapeutic interventions against protein/peptide
aggregation diseases

The aggregation of certain proteins is thought to be the cause of various degen-

erative diseases known as amyloid disorders. Protein aggregation and deposition

in affected patient tissues occur mostly at the aggregation-prone protein’s typical

extracellular or intracellular site. However, evidence for the existence of intra-

cellular and extracellular aggregates in nearly all aggregation-related degenera-

tive illnesses is growing. The assumption that human amyloid disorders are

caused by protein aggregation or amyloidogenesis is supported by strong

genetic, pharmacologic, biochemical, and pathologic evidence.

There are several strategies to target protein aggregation in degenerative

diseases that have been reported. Surgically administered gene therapy was

used in the “protein reduction” strategy. The aggregation of primarily mutant

transthyretin (TTR) and, to a lesser extent, wild-type TTR causes familial

TTR amyloid disorders. The “protein stabilization” or “kinetic stabilization”

strategy is an alternative approach to preventing the harmful effects of mis-

folding and aggregation of proteins. This kinetic stabilizing method demon-

strates that aggregation, or amyloidogenesis, is the cause of these diseases. A

“protein quality control technique” focuses on altering intracellular and/or

extracellular proteostasis processes involved in protein folding, trafficking,

and/or degradation to reduce disease-associated protein aggregation and

maybe other biological proteins (Eisele et al., 2015) (Fig. 9.7).

9.10.1 Patents

● US6946135B2: Compositions and techniques for treating amyloidogenic

disorders are described in the invention. A drug that generates a favorable

FIGURE 9.7 Schematic representation of strategies of therapeutic interventions against protein

aggregation disorders.
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immune response against an amyloid deposit in the patient is used in

these procedures. The techniques are particularly beneficial for AD pre-

vention and therapy. A peptide or an antibody to it can be used in such

techniques (Schenk, 2005).
● US20100113613A1: The study focuses on cyclohexane polyalcohol com-

pounds that have favorable pharmacokinetic profiles in the treatment of

disorders involving protein folding and aggregation, and amyloid produc-

tion, accumulation, or persistence. Some aspects of the invention provide

an active ingredient for a cyclohexane polyalcohol compound appropriate

for administration in order to include a desired therapeutic concentration

of the compound in plasma, brain, and/or cerebral spinal fluid, as well as

a pharmaceutically acceptable carrier, diluent, or excipient (McLaurin &

Cruz, 2007).
● WO2017147044A1: Pharmaceutical compositions containing judiciously

chosen peptide analogs of GILZ’s p65-TAD interacting region are

revealed for selectively sequestering activated p65. According to struc-

tural and functional studies, selective GILZ analogs (GA) bind p65-TAD

with optimum affinity, have a half-minimal lethal dose comparable to

established peptide drugs, and minimize A1�42-induced cytotoxicity.

For the treatment of neurodegenerative diseases such as AD, PD, multiple

sclerosis, and ALS, the present disclosure also includes uses and techni-

ques of using pharmaceutical combinations, and strategies of using phar-

maceutical formulations (Srinivasan & Lahiri, 2017).
● US10894822B2: The innovation pertains to methods to treat AD and

other tauopathies by administering antibodies that are specific for abnor-

mal forms of tau protein, have no binding and/or reactivity to normal tau

protein, and are administered under conditions and in amounts that are

effective in preventing or treating AD or other tauopathies (Chain, 2021a,

2021a).

9.11 Computational tools and algorithms in peptide design

Because each peptide residue can be identified from natural amino acids,

determining the affinity of a particular peptide sequence for a specific pro-

tein surface is a difficult task. A reasonable mechanism for predicting partic-

ular and selective peptide sequences is needed. The required methodology

should be fast and capable of designing peptides for specific places on a set

of proteins. It is desirable to have a computational tool that is both rapid and

global (Unal, Gursoy, & Erman, 2010). Peptides are the most

adaptable modulators for dealing with protein�protein interactions’ (PPI)

large surface area. They are simple in construction, resemble proteins, and

can be adjusted to improve stability, bioavailability, and binding strength.

Peptide design can be divided into two approaches: sequence-based design

and structure-based design. Peptide stability, toxicity, immunogenicity, and
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antibody specificity are all factors to consider when creating sequence-based

peptides. In this context, in silico techniques for creating new peptides with

therapeutic qualities ranging from cell-penetrating to antimicrobial, antipara-

sitic, anticancer, and antihypertension capabilities have been established

(Hashemi et al., 2021).

9.11.1 Patents

● WO2016005969A1: The present invention includes a method for creating

a library of amino acid sequences with a common structural fold, as well

as a method for developing and choosing an amino acid sequence with

the desired affinity to a molecular surface of interest of a molecular entity

utilizing the library. The methods are based on a random sample of back-

bone conformations and amino acid conservation patterns in experimen-

tally available protein structures with the same structural fold (Fleishman,

Lapidoth, Pszolla, & Norn, 2016).
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