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ABSTRACT
Miniature proteins are a class of oligopeptide characterized by their short sequence
lengths and ability to adopt well-folded, three-dimensional structures. Because of their biomimetic nature
and synthetic tractability, miniature proteins have been used to study a range of biochemical processes
including fast protein folding, signal transduction, catalysis and molecular transport. Recently, miniature
proteins have been gaining traction as potential therapeutic agents because their small size and ability to
fold into defined tertiary structures facilitates their development as protein-based drugs. This research overview discusses emerging developments involving the use of miniature proteins as scaffolds to design novel
therapeutics for the treatment and study of human disease. Specifically, this review will explore strategies
to: (i) stabilize miniature protein tertiary structure; (ii) optimize biomolecular recognition by grafting functional epitopes onto miniature protein scaffolds; and (iii) enhance cytosolic delivery of miniature proteins
through the use of cationic motifs that facilitate endosomal escape. These objectives are discussed not
only to address challenges in developing effective miniature protein-based drugs, but also to highlight the
tremendous potential miniature proteins hold for combating and understanding human disease. Drug Dev
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INTRODUCTION

Protein-based therapeutics represent one of the
fastest growing sectors of the pharmaceutical industry. In 2016, 9 of the top 15 best-selling drugs were
protein-based, with combined global sales exceeding
$70 billion (Philippidis, 2017). There are currently
over 100 protein-based therapeutics on the market
that have been approved to treat a wide range of diseases including cancer, metabolic dysfunction, infectious disease, and autoimmune disorders (Dimitrov,
2012). Protein drugs are classified into nine groups
according to their primary mode of activity: replacing
deficient or abnormal proteins (Group Ia); augmenting an existing pathway (Ib); providing a novel function (Ic); interfering with a molecule or organism
(IIa); delivering compounds or other proteins (IIb);
protecting against pathogenic foreign agents (IIIa);
C 2017 Wiley Periodicals, Inc.
V

treating autoimmune disease (IIIb); treating cancer
(IIIc); and protein diagnostics (IV) (Leader et al.,
2008). Of these specific groups, protein therapeutics
in Group I and II make up the majority of approved
protein-based drugs, constituting over 80% of the
total market share (Raghava, 2017).
Despite high success rates in the clinic and a
growing interest in developing novel protein-based
therapies, the pharmaceutical industry has struggled
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to develop highly efficacious protein drugs that extend
beyond Group I and II classifications. Two primary
difficulties hampering large-scale development of
protein-based therapeutics are: (i) end-product heterogeneity, which can lead to adverse side-effects upon
treatment with the desired therapeutic; and (ii) inefficient cellular delivery due to large proteins being
unable to traverse the cell membrane. Indeed, more
than 60% of all protein drugs currently in use target
extracellular receptors or cofactors in the serum
(Raghava, 2017). It should also be noted that over 85%
of therapeutic proteins are greater than 60 amino acids
in length (Raghava, 2017), effectively limiting their
production to recombinant expression procedures.
Peptide-based molecules have also enjoyed a recent
surge in popularity as potential therapeutics because of
their relatively small size and exquisite biocomplementarity (Fosgerau and Hoffmann, 2015). However, isolated peptide sequences are highly susceptible to
hydrolysis or oxidation and their inability to fold often
compromises their ability to effectively target therapeutically relevant biomolecular interactions (Bak
et al., 2015). These drawbacks have presented modern
bioorganic and medicinal chemists with a striking
design challenge to develop therapeutic proteins that
are at once structured, homogeneous and able to be
delivered to intracellular compartments.
Miniature proteins are small, well-folded peptide
oligomers that display protein-like behavior, including
cooperative melting transitions and ability to interact with
other biomolecules (Horng et al., 2003; Kritzer et al.,
2006). In general, proteins classified as “miniature” are
less than 50 amino acids in length and under 10 kDa in
molecular weight. Compared to linear peptides and large
recombinant proteins, miniature proteins possess desirable attributes that potentiate their development as
protein-based therapeutics. For example, the natural
folding of miniature proteins allows for discrete recognition elements to be displayed in patterns that are able to
interact with native biopolymer surfaces (Zondlo and
Schepartz, 1999). Miniature proteins are also able to be
chemically synthesized by solid-phase peptide synthesis
procedures (Nicoll et al., 2005), thus affording researchers a high level of control over the sequence and homogeneity of the final product. In addition to being
synthetically tractable, miniature proteins are genetically
encodable, further expanding their utility as tools to study
intricate biochemical pathways (Bottger et al., 1997).
Finally, miniature proteins are more resistant to proteolysis compared to extended peptides (Martin and Vita,
2000; Tyndall et al., 2005) and can be engineered to
gain cell entry (Daniels and Schepartz, 2007). Miniature
proteins therefore occupy a unique “middle space”
between peptides and large proteins, taking advantage of
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the beneficial physicochemical properties of these molecules, including sequence specificity and biomolecular
recognition, while circumventing the unwanted attributes, such as proteolytic susceptibility and end product
heterogeneity. This research overview will focus on
recent strategies to develop miniature proteins as therapeutics and as tools to study the molecular nature of disease. Emphasis will be placed on techniques used to: (i)
stabilize miniature protein tertiary structure; (ii) engineer
miniature proteins for optimized biomolecular recognition; and (iii) enhance delivery of miniature proteins to
the cytoplasm of live cells. Numerous reviews have been
published that explore the nature and efficacy of peptideand protein-based therapeutics (Leader et al., 2008;
Chalker, 2013; Craik et al., 2013). However, these reviews
have focused primarily on constructs that have been
developed into therapeutics in their natural state; that is,
without extensive modification of the primary sequence.
This research overview will discuss miniature proteins
that are used as scaffolds to develop novel constructs
designed to target therapeutically relevant biomolecular
interactions. Furthermore, only miniature proteins that
are composed entirely of natural amino acids are
included; therefore, stapled peptides (Walensky et al.,
2004), peptides containing surrogate hydrogen bonds
(Chapman et al., 2004) and miniature proteins containing
D- or b-amino acids (Pouny and Shai, 1992; Appella
et al., 1997) will not be discussed.
STABILIZING MINIATURE PROTEIN FOLDS

An intriguing hallmark of miniature proteins is
their ability to fold into stable, protein-like architectures despite their relatively short sequence lengths.
Indeed, defined elements of secondary and tertiary
structures are precisely what endow miniature proteins
with biological function. For many years, it was thought
that only proteins longer than 40 amino acids could
adopt well-folded tertiary structures under physiological conditions. Now, it is widely accepted that much
shorter peptide oligomers, some as small as 12 amino
acids (Cochran et al., 2001), can adopt protein-like
architectures in aqueous environments. Several factors
have played a role in this paradigm shift, including the
accelerated discovery of miniature proteins from natural sources, the ability to chemically synthesize short
peptide oligomers that fold into stable tertiary structures, and the refinement of computational simulations
that predict the nature of protein folds.
Despite their small size, miniature proteins rely
on the same intramolecular forces that drive the folding of larger proteins, such as hydrophobic interactions, metal ion complexation and covalent linkages.
Although there is no universally accepted definition
Drug Dev. Res.
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for a self-folding domain, there are several features
of the protein primary sequence that can be used as
diagnostics to predict which sequences will adopt a
stable protein-like fold (Neidigh et al., 2002). These
features include: (i) multiple secondary structure
folds in close proximity; (ii) pronounced dispersion of
chemical shift that reflects tertiary interactions; (iii)
side chain packing that produces well-defined v1 and
v2 values; (iv) protection of backbone amide exchange;
and (v) cooperative folding and resistance to thermal
unfolding. As strategies for predicting and achieving
stable folds in miniature proteins have become more
sophisticated, researchers are discovering very short
peptide sequences that can adopt protein-like architectures. Moreover, the discovery of endogenous miniature proteins from natural sources has enhanced
understanding of how Nature has evolved to fold very
short peptide sequences with high efficiency. The
following section discusses the intramolecular interactions used to stabilize miniature protein tertiary structure. It should be noted that several insightful reviews
have been published on this subject previously
(Polticelli et al., 2001; Yin, 2012). However, since these
reports were published, additional developments
have followed at a rapid pace and a brief update on this
subject is warranted.
Hydrophobic Interactions

Fig. 1. Ribbon diagrams of naturally occurring miniature proteins;
side chains contributing to the protein folds are shown as dark grey
sticks. (A) Avian pancreatic peptide (PDB ID: 1PPT); Tyr, Pro and
Phe residues form the hydrophobic core of the globular protein. (B)
Zinc-finger domain (PDB ID: 1A1L); Zn ion is shown as a dark grey
sphere complexed by two His and two Cys residues. (C) Apamin
(PDB ID: 3IUX); two disulfide linkages contributing to the a-helical
fold are shown as dark grey sticks. (D) Scyllatoxin (PDB ID: 1SCY);
three disulfide linkages contributing to the a/b fold are shown as
dark grey sticks.

The hydrophobic effect is a major driving force
in the formation of protein tertiary structure. Watersoluble proteins typically contain a core of hydrophobic amino acids that are sequestered from the aqueous environment, stabilizing the overall fold of the
protein. Although other intramolecular interactions,
such as hydrogen bonds and salt bridges, contribute
significantly to protein stability, minimizing the exposure of hydrophobic side chains to water is thought
to be the primary force that drives the protein folding process. The hydrophobic effect is often utilized
to drive structure formation and impart protein-like
folding behavior to small proteins; in fact, hydrophobic interactions have been exploited in the design of
entirely synthetic miniature proteins that adopt novel
folds not found in natural domains (Neidigh et al.,
2002).
Hydrophobic interactions are ubiquitous among
miniature proteins and many miniature protein scaffolds require hydrophobic cores to adopt threedimensional structures. One such class of miniature
protein is the avian pancreatic peptide (aPP), a 36residue miniature protein that adopts a fold dominated
by an a-helix and a poly-proline type II (PPII) helix
(Fig. 1A) (Blundell et al., 1981). The globular fold of

aPP is stabilized by the presence of a hydrophobic core
of stacked aromatic groups, branched aliphatic amino
acids and prolines. Another miniature protein that is
stabilized primarily by hydrophobic interactions
includes the villin headpiece. This 35-residue subdomain is contained at the extreme C-terminal end of the
chicken F-actin bundling protein villin. When isolated,
the villin headpiece was found to fold into a stable
three-dimensional structure containing three short ahelices (Chiu et al., 2005). The hydrophobic core of the
villin headpiece is made up primarily of three stacked
Phe residues and several other branched aliphatic
side chains. Trp-cage proteins were discovered as minimized versions of exendin-4 (EX4), a 39-residue protein isolated from Gila monster saliva. EX4 is poorly
folded in aqueous solution, however, the 20-residue Cterminal end was found to organize into a compact fold
containing two short helices stabilized through close
association of one Gly, one Trp, and three Pro residues
(Neidigh et al., 2002). Another small protein that is stabilized through hydrophobic interactions is known as
the Trp-zipper. This b-hairpin fold is characterized by
cross-strand Trp residues that interdigitate, forming a
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large hydrophobic cluster on one side of the miniature
protein (Cochran et al., 2001). It was noted that replacing any of the Trp residues with other aromatic amino
acids significantly reduces the stability of the structure,
suggesting that the hydrophobic stacking interactions
are what drive the folding of this particular sequence.
Remarkably, Trp-zipper motifs are able to induce
tertiary structures in peptides as short as 12 amino
acids when the Trp residues are placed at positions 2,
4, 9, and 11 (Cochran et al., 2001), making these among
the smallest miniature proteins ever reported.
Metal Ion Complexation
Metal ions play crucial roles in myriad biological processes, including enzyme catalysis, propagation
of action potentials, and gas transport. It has been
estimated that nearly one-half of all known proteins
contain at least one metal ion (Thomson and Gray,
1998) and that nearly one-third of all proteins require
a metal to carry out their function (Waldron and
Robinson, 2009). In proteins, cationic metal ions
including Mg12, Ca12, Cu12, and Zn12 can be used
to stabilize protein folds. Such metals are often coordinated by ionized side chains or imidazole rings that
are judiciously placed within the protein sequence to
ensure proper folding of the peptide backbone upon
complexation. Metal ions are often used to stabilize
the folding of small, isolated sub-domains of large
proteins that are not integrated into the core protein
architecture. Such metal-chelating subdomains, which
include zinc-fingers and EF hand motifs, have been
found to fold into stable tertiary structures in the
presence of metals when isolated from the parent
protein (Ye et al., 2001; Reddi et al., 2007). These
constructs represent a unique class of miniature protein in which the three-dimensional fold is stabilized
by metal ion complexation.
Zinc-finger domains are arguably the most wellcharacterized metal binding miniature proteins. Zincfinger motifs are generally between 25 and 30 amino
acids in length and often occur as tandem repeats in
large DNA-binding proteins including transcription
factors, nuclear hormone receptors and nucleases.
These small domains fold into highly stable structures
consisting of an a-helix and a short anti-parallel b-sheet
(Fig. 1B) (Elrod-Erickson et al., 1998). Zinc-fingers
were originally classified by the number and order of
the residues used to chelate zinc (such as Cys2-His2,
Cys4, and Cys6), however, this nomenclature has been
replaced by a more systematic method that classifies
zinc-fingers into “fold groups” based on the overall
shape of their fold. Common zinc-finger folds include
Cys2-His2 (“classic zinc-finger”), gag knuckle, treble
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clef, zinc ribbon, and Zn2-Cys6 (Krishna et al., 2003).
Notably, the Cys2-His2 zinc-finger motif has been used
as a scaffold to develop small protein-based therapeutics that inhibit gene transcription (Mino et al., 2006;
Kang et al., 2008) and for use as tools to study mechanisms of cell-uptake (Appelbaum et al., 2012; Holub
et al., 2013). Among other miniature proteins that bind
metal ions include the EF hand motif. The EF hand is
a helix–loop–helix structure that is found in many
calcium binding proteins including calmodulin and
calerythrin (Tossavainen et al., 2003). Isolated EF
hand motifs are typically between 12 and 20 amino acid
residues in length and bind Ca12 primarily through
side-chain carboxylates at positions 1, 3, 5, 12, or in
pseudo EF hands at positions 1, 4, 6, 9 (Zhou et al.,
2006). Examples of isolated EF-hand motifs are still
relatively rare in the literature. However, there are
groups currently working to develop EF hand motifs
as protein-based therapeutics that serve to chelate
calcium (Aggarwal et al., 2012; Davis et al., 2016).
Covalent Linkages
Covalent bonds are among the strongest forces
contributing to protein tertiary structure. Apart from
the covalent bonds linking atoms within the peptide
backbone and side-chain functional groups, globular
protein folds can be stabilized through covalent linkages between side chains. Cysteine is the only naturally
occurring amino acid that can form disulfide bonds
with other cysteines. Other covalent bonds, such as
desmosine and isodesmosine, are formed from the
crosslinking of allysine and lysine in the production of
elastin (Umeda et al., 2001). However, desmosine-type
of crosslinks have not been found in other proteins and
disulfide linkages remain the most common covalent
bonds used to stabilize protein tertiary structure.
Among the smallest proteins that utilize disulfide
linkages to stabilize tertiary folds are the a-conotoxins.
These are small (10–30 amino acid) proteins isolated
from marine cone snails that include one or more disulfide bonds. Notably, these proteins display remarkable
structural and sequence heterogeneity; the smallest
conotoxins may contain only one turn of an a-helix as
the singular element of secondary structure, while
larger conotoxins can include helices, sheets, and turns
(Santos et al., 2004). Over the past decades, conotoxins
have been discovered to exert remarkable pharmacological utility, including the ability to target nicotinic
acetylcholine receptors, voltage gated Na1 channels
and NMDA receptors (Lewis et al., 2012). Other
prominent examples of miniature proteins that contain
disulfide linkages include toxins found in venoms of
arthropods. This diverse array of miniature proteins
Drug Dev. Res.
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includes apamin, an 18-amino acid peptide found in
bee venom that contains a short a-helix and a b-turn
stabilized by two disulfide linkages (Fig. 1C) (Li et al.,
2009); scyllatoxin (ScTx), a 31-amino acid peptide isolated from the venom of scorpions that folds into an a/b
structural motif stabilized by three disulfide linkages
(Fig. 1D) (Martins et al., 1995); and hanatoxin a
35-amino acid protein found in tarantula venom that
adopts a folded structure designated an “inhibitor cysteine knot” (ICK) (Takahashi et al., 2000). The ICK
fold is a motif that is commonly found in invertebrate
toxins containing two to four disulfide linkages and up
to three b-strands. The predominant biological function of these toxins and their derivatives is to inhibit
voltage-gated ion channels on the surface of neurons.
This inherent ability that has led to their use to study
nerve cell conductance (Gilchrist et al., 2014; MoralesLazaro et al., 2015). Furthermore, this mechanism of
action has led to the development of such toxins as
potential therapeutics in treating cancer and cardiovascular disease (Ding et al., 2014; Bhavya et al., 2016).
Disulfide linkages are also used to stabilize the
folds of endogenous miniature proteins found in
humans, including peptide hormones and growth factors. Some notable examples of disulfide-containing
miniature proteins include: somatostatin, vasopressin,
oxytocin, insulin, and epidermal growth factor (EGF).
Somatostatin is a macrocyclic, 14-amino acid peptide
hormone containing a single intramolecular disulfide
bond that acts to inhibit glucagon and insulin secretion (Harris, 1994). Vasopressins are small (9-amino
acid) proteins that act to regulate water retention by
causing the kidneys to conserve water (Oosthuyzen
et al., 2016). Oxytocin is 9-amino acid peptide
hormone that is similar in structure and sequence to
vasopressin, however, it primarily plays a role in sexual reproduction and social bonding (Neumann,
2008). Vasopressin and oxytocin folds are stabilized
by a single disulfide linkage, and are so similar in
sequence and structure that each can cause crossreactivity when administered exogenously (Li et al.,
2008). Insulin is a small protein composed of 51amino acids containing two peptide chains connected
by two disulfide bonds (Vinther et al., 2013). This
well-characterized biomolecule functions by regulating the level of glucose in the bloodstream (De
Meyts, 2004). EGF is a 53-amino acid protein that
folds into a three-dimensional motif stabilized by
three intramolecular disulfide linkages (Ogiso et al.,
2002). The primary biological function of EGF is to
stimulate cell growth, proliferation, and differentiation (Carpenter and Cohen, 1990). The therapeutic
relevance of endogenous miniature proteins cannot
be overstated. Indeed, many such miniature proteins
Drug Dev. Res.

have been developed as therapeutics to treat cancers
(Rai et al., 2015), diabetes (Meah and Juneja, 2015)
and, in the case of oxytocin, as a medication to facilitate childbirth (Shyken and Petrie, 1995).
RE-ENGINEERING MINIATURE PROTEINS FOR
BIOMOLECULAR RECOGNITION

Proteins rely on their molecular architecture and
sequence specificity to perform biological functions. To
this end, the structural components of proteins such as
helices, sheets, and turns are often used in concert to
maximize the efficiency of biomolecular interactions.
Natural proteins have evolved the ability interact with a
wide variety of biomolecules including carbohydrates,
nucleic acids, lipids, small molecule metabolites, and
other proteins. Miniature protein folds that include elements of secondary and tertiary structure can, in theory,
be developed as modulators of such interactions. Importantly, miniature protein folds allow for discrete binding
epitopes to be displayed in patterns that are complementary to native biopolymer surfaces. The de novo synthesis of miniature proteins has allowed researchers to
target many therapeutically relevant biomolecular interactions with re-engineered miniature protein scaffolds
that now serve as attractive leads for potential therapeutics. This section discusses current techniques to
develop and engineer small protein scaffolds that target
discrete biomolecular interactions. It should be noted
that not all miniature proteins discussed herein have
seen use in the clinic. However, emphasis is placed on
those miniature proteins that target therapeutically relevant biomolecular interactions and are therefore considered to have significant potential to be developed as
drugs.
Endogenous Miniature Protein Therapeutics
Arguably, miniature protein-based therapeutics
have existed for nearly 100 years. The first therapeutic
miniature protein to achieve widespread clinical use was
insulin (De Meyts, 2004). Insulin isolated from animal
pancreatic cells has been used to treat type 1 diabetes in
humans since 1922 (Quianzon and Cheikh, 2012). However, pure insulin was difficult to isolate from whole
organisms and often caused adverse immunogenic
responses in patients. Subsequent advancements in the
chemical synthesis of proteins in the 1960s afforded the
development of synthetic “human” insulin that significantly increased potency and reduced immunogenicity.
Biosynthetic insulin is currently produced through
recombinant DNA techniques. Despite these advances,
however, synthetic yields of insulin have remained modest because of the challenging structure of the hormone
and many biologically relevant analogs have been
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difficult to produce using recombinant or synthetic
methods. In 2014, Zaykov and co-workers used a
structure-based approach to identify an optimized linear
single chain insulin precursor that proved of high utility
in the preparation of previously unattainable analogs
(Zaykov et al., 2014). In this study, the authors used the
insulin protein as a scaffold to systematically design an
insulin precursor dubbed DesDi. The DesDi miniature
protein was developed by directly linking the Cterminus of the B chain with the N-terminus of the A
chain. This 49-amino acid peptide folds with high efficiency into a stable, insulin-like structure that was highly
tolerant to amino acid substitution at various corresponding insulin residues. Furthermore, DesDi could
be treated with endoproteinases to be processed into a
fully functional, insulin-like miniature protein. Several
sequence analogs were developed that optimized folding
and allowed the researchers to study the influence of
various amino acid side chains on biological activity. The
DesDi peptide is now being used as a scaffold to
develop analogs that have improved glycemic control
and bioavailability over natural insulin (Zaykov et al.,
2016).
Another naturally occurring miniature protein
that has seen use in the clinic is EGF. Since first
being isolated over 50 years ago from the submaxillary gland of mice, studies on the biological effects of
EGF have followed at a rapid pace (Cohen, 1962;
Hardwicke et al., 2008). Endogenous EGF is a 6 kDa
protein that stimulates cellular growth, proliferation,
and differentiation in normal tissue through interaction with the EGF receptor. As early as 1973, EGF
was being investigated as a potential therapeutic to
facilitate wound healing because of its ability to stimulate proliferation and migration of keratinocytes
(Savage and Cohen, 1973). Treatment results in this
area have generally been positive and recombinant
EGF is now produced by several pharmaceutical
companies as a therapeutic to enhance wound healing (Mola et al., 2003; Frew et al., 2007). Despite
these successes however, the mitogenic effects associated with EGF have been implicated in the spread of
epithelial malignancies and the majority of research
devoted to EGF is focused on its detrimental effects
(Velu et al., 1987; Lemoine et al., 1991; Navas et al.,
2012). Nevertheless, recent advancements in polymer
drug delivery systems designed to stabilize and
enhance delivery of therapeutic agents to affected
areas has led to renewed interest in the use of EGF
as a potential therapy to enhance wound healing. In
theory, such polymers could be used to encapsulate
EGF and deliver the drug only to areas of increased
vascular permeability, thus decreasing the deleterious
effects of exposing healthy tissue to EGF. Research
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in this area is currently ongoing and several groups
have reported on the beneficial effects of using
polymer-based drug delivery systems to enhance the
efficacy of therapeutic EGF proteins (Lai et al.,
2014; Chereddy et al., 2015).
Protein Grafting onto Miniature Protein Scaffolds
In addition to using natural miniature proteins as
therapeutic agents, researchers have utilized a technique known as protein grafting to re-engineer existing
miniature protein scaffolds to target therapeutically relevant biomolecular interactions. Protein grafting is
defined as the transfer of a sequence-specific binding
epitope of one protein to the surface of another protein
(Fig. 2). Typically, the epitope is grafted onto a surface
that shares a high degree of structural homology with
the original domain. Protein grafting has been used
extensively in the development of non-natural miniature proteins that can target a wide variety of biomolecules, including DNA, RNA, carbohydrates, small
molecule metabolites and other proteins (Cooper and
Waters, 2005). One of the earliest reports of using protein grafting to develop inhibitors of protein–protein
interactions was published over 20 years ago by Smith
et al., (1995). This group used phage display to replace
a surface loop on the human tissue-type plasminogen
activator (t-PA) with the HCDR3 sequence of the
monoclonal antibody Fab-9. Fab-9 antibodies are
known to target the platelet integrin aIIbb3 and have
been used in the development therapeutic antibodies
(Smith et al., 1994). Notably, the resulting variant of tPA protein bound aIIbb3 integrin with nanomolar affinity and retained full enzymatic activity. More recently,
loop grafting has been used to develop miniature proteins that bind avb3 integrins (Silverman et al., 2009).
In this report, the authors used agouti-related protein
(AgRP), a 4 kDa cysteine-knot protein that contains
four solvent exposed loops, as a scaffold to develop a
miniature protein that was able to target avb3 integrins.
Yeast display was used to generate a library of variants
that contained an RGD-integrin recognition motif that
was flanked by randomized residues. The authors were
successful at designing highly specific miniature proteins that bound avb3 with sub-nanomolar affinity.
Efforts are currently underway to develop these miniature proteins into therapeutics that inhibit the migration of cancer cells in humans.
Developing Miniature Proteins to Target DNA
Apart from loop sequences, protein grafting has
also been applied to other elements of secondary structure, including a-helices, poly-proline helices, and
b-sheets. In 1999, Zondlo et al. used aPP as a scaffold
Drug Dev. Res.
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Fig. 2. Generalized strategies for protein grafting onto different
structural folds. (A) The FPPPP epitope of ActA is grafted onto the
PPII helix of aPP to generate the functional miniature protein pGolemi, which inhibits bacterial motility in biological extracts
(Golemi-Kotra et al., 2004). (B) Residues from CD4 are grafted onto
the b-sheet of ScTx to generate CD4M9, a miniature protein that targets the HIV-1 envelope glycoprotein gp120 (Vita et al., 1999). (C)
Residues from the S-peptide of RNase A are grafted onto the a-helix
of apamin to generate the versatile miniature protein Hybrid-I,
which can reactivate nuclease activity and induce antibodies that
cross-react with RNase (Pease et al., 1990).

to develop a miniature protein capable of targeting
DNA with high specificity (Zondlo and Schepartz,
1999). In this study, amino acid residues of the helical
transcription factor GCN4 required for DNA recognition were grafted onto the a-helix of aPP. The authors
used phage display to randomize residues along the
surface of the aPP a-helix with amino acids used by
GCN4 to recognize the CRE half-site (hsCRE) of
DNA. Importantly, residues required for aPP folding
were not modified. Following multiple rounds of selection, the aPP-based miniature protein PPBR4SR was
found to bind the hsCRE DNA sequence with 1.5 nM
affinity. Interestingly, the a-helix of PPBR4SR had
more than 60% of its residues modified from wild-type
aPP and only attained a fully a-helical conformation in
the presence of hsCRE DNA sequences. Nevertheless,
Drug Dev. Res.

this report showed that it was possible to use protein
grafting in the development of a miniature protein that
can target specific DNA sequences. In addition to aPP,
the villin headpiece domain has been re-engineered to
target DNA. Morii and co-workers used a structurebased design strategy to construct a miniature protein
based on the villin headpiece domain that binds to
GCN4-binding sequences of DNA (Morii et al., 2002).
The authors noted that the small, well-folded a3 helix
of the villin headpiece would serve as an ideal scaffold
on which to graft the DNA-binding epitope of GCN4.
Sequence alignments between villin and GCN4
showed that helix a3 needed to be modified at seven
positions to display the GCN4 binding epitope. Furthermore, the authors extended the villin headpiece by
six residues in order to include the entire DNAbinding region of GCN4. Once designed, plasmids
coding for the DNA-binding villin headpiece (bVIL)
were generated and expressed from bacterial cells. Following expression and purification, the ability for bVIL
to bind DNA using gel-shift assays was evaluated. The
authors found that bVIL bound to DNA in a ridgedbody mechanism and did not show affinity or selectivity
for DNA higher than that of the GCN4 basic region
peptide. However, the addition of a leucine zipper
region to the folded villin headpiece domain (bVILZIP)
restored sequence-specific DNA binding comparable
to that of GCN4. It was also demonstrated that the
dimeric bVILZIP construct undergoes a significant
conformational change upon DNA binding, indicating
that structural transitions play a role in the induced-fit
binding mechanism of GCN4•DNA interactions.
From a therapeutic standpoint, such DNA-binding
miniature proteins have enormous potential to be
developed as drugs that can influence transcription patterns in cells.
Targeting Protein–Protein Interactions
Using Re-Engineered aPP Scaffolds
The aPP miniature protein has been used as a
scaffold to develop ligands that target therapeutically
relevant protein–protein interactions. Bcl-2 is an antiapoptotic mitochondrial membrane protein that functions along the intrinsic apoptosis pathway (Cory et al.,
2003). Helical pro-apoptotic proteins, such as Bak,
bind and neutralize anti-apoptotic Bcl-2 proteins on
the mitochondrial membrane, facilitating the release of
cytochrome c. In 2001, Chin et al. used phage display
to graft residues from the helical Bcl-2 interaction
domain of Bak required for Bcl-2 recognition to the ahelix of aPP (Chin and Schepartz, 2001). One construct, designated PPBH3–1, adopted a stable aPP-like
fold and bound Bcl-2 with a Kd of 52 nM. By contrast,
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native Bak peptides were intrinsically disordered in
solution and bound Bcl-2 with a Kd of 5 lM. The
authors concluded that the enhanced affinity for the
aPP-like molecule to Bcl-2 over its natural ligand was
due to pre-organization of the otherwise unstructured
Bak functional epitope. Rutledge, et al. used a similar
strategy to graft residues from the kinase-inducible
activation domain (KID) of the transcription factor
CREB to the a-helix of aPP (Rutledge et al., 2003).
CREB KID binds the KIX domain of the transcriptional coactivator protein CBP through a relatively
shallow binding groove on the CBP surface, representing a challenging target for molecules designed to
inhibit this interaction. Nevertheless, the authors were
successful in designing several aPP-based miniature
proteins (PPKID1–5) that bound the CBP KIX domain
with affinities ranging from 515 nM to 1.2 lM. Finally,
the poly-proline type II (PPII) helix of aPP has been
used as a scaffold for protein grafting. In 2003, Golemi
et al. reported on the development of an aPP-like protein (pGolemi) that bound the EVH1 domain of the
protein Mena (Golemi-Kotra et al., 2004). Mena proteins are involved in regulating actin cytoskeletal
dynamics and bind the PPII helices of proline-rich proteins, including the FPPPP (FP4) motif of ActA. ActA
is a protein used by bacteria to propel themselves
through infected host cells (Machner et al., 2001). In
this study, the authors grafted the FP4 motif of ActA to
the PPII helix of aPP to generate pGolemi (see Fig.
2A). The pGolemi miniature protein was found to bind
Mena with a Kd of 700 nM and was observed to significantly inhibit the motility of L. monocytogenes bacteria
in Xenopus egg cytoplasmic extract. Taken together,
these studies demonstrate the utility of grafting functional epitopes onto a pre-organized miniature protein
scaffold to develop ligands that can target and disrupt
therapeutically relevant protein–protein interactions.
Miniature Protein-Based Antiviral Agents
Protein grafting has also been utilized to develop
miniature proteins that function as antiviral agents. One
example of this strategy includes the work of Sia et al. in
which the complete binding epitope of an HIV-1 C-peptide was grafted onto the surface of a GCN4 leucine zipper protein (Sia and Kim, 2003). The C-peptide is
derived from the C-terminal region of the HIV-1 gp14
protein and has been used as a potent inhibitor of viral
entry into cells (D’Souza et al., 2000). However, the
native C-peptide is inherently unstructured in solution
and is susceptible to proteolytic degradation. By grafting
the C-peptide binding epitope to a structured protein
such as GCN4, the authors were able to develop a wellfolded miniature protein that exhibited antiviral activity
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approaching that of the natural ligand. The miniature
protein, designated C34-GCN4, was 34 residues in
length and inhibited HIV-1 viral infection in cells with
an IC50 of 4.6 nM. Notably, this inhibitory concentration
compared well with the IC50 of 3.1 nM for the natural
ligand. While there is enormous therapeutic potential of
such miniature proteins to inhibit viral fusion through
direct interaction with the gp14 viral protein, the
authors noted that C34-GCN4 miniature proteins could
also be developed as immunogens to elicit antibodies
that neutralize HIV-1 infection. Another approach to
develop miniature proteins as antiviral agents involved
the rational design of a small protein that inhibits the
interaction between the gp120 envelope glycoprotein of
HIV-1 and CD4 receptors on the surface of T-helper
cells (Vita et al., 1999). Analysis of the crystal structure
of CD4 bound to gp120 has indicated that the CD4
binding surface is centered on a protruding b-hairpin
motif that binds to a large (800 Å2) depression denoted
the “Phe43 cavity” (Kwong et al., 1998). For this study,
researchers grafted the CD4 binding epitope to a structurally equivalent region of ScTx (see Fig. 2B). This protein, dubbed CD4M9, was shortened to 28 amino acids
and was shown to inhibit gp120 binding to soluble CD4
with an IC50 that was 100-fold higher than that of native
CD4, indicating suboptimal interaction with the target
protein. Further refinement of the miniature protein
sequence revealed that replacing Phe23 of CD4M9 with
a biphenylalanine enhanced the binding affinity for
gp120 by more than 200-fold to 7.5 nM.
Zinc-finger domains have also been utilized as
scaffolds to develop antiviral agents. In 1999, McColl
and co-workers used a structure-based approach to
design RNA-binding zinc-finger proteins that target
the HIV-1Rev response element (RRE) (McColl et al.,
1999). The Rev protein is a transactivating protein that
binds to RREs on HIV-1 RNA. In isolation, however,
the RRE-binding peptide of Rev binds modestly to
RNA with affinity that is proportional to its helical content (Tan et al., 1993). McColl et al. hypothesized that
grafting the RRE-binding peptide sequence onto a
well-folded miniature protein scaffold would greatly
enhance its stability and lead to high-affinity binders of
RRE. To accomplish this, the authors grafted the
arginine-rich helix from HIV-1 Rev protein into the
a-helix of a 27-amino acid zinc-finger protein. The
resultant miniature protein, ZF2-REV, was shown to
bind specifically to the RRE IIB site with an apparent
Kd of 330 nM. Notably, this effect was zinc dependent,
as the binding affinity of ZF2-REV to RRE IIb was
three-fold lower in the absence of zinc. Liu et al.
reported on the development of artificial zinc finger
and Trp cage proteins to target the E6 oncoprotein of
human papillomavirus (HPV) (Liu et al., 2004). HPV is
Drug Dev. Res.
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an oncovirus that infects epithelial cells and has been
implicated in the development of cervical cancer
(Petry, 2014). The E6 protein of HPV is believed to
promote tumorigenesis by facilitating intracellular degradation of the tumor suppressor, p53. In this study,
researchers developed E6-binding miniature proteins
by grafting minimal consensus sequences onto the ahelix of a zinc-finger domain and a Trp-cage protein.
The critical residues (LQELLGE) of the E6-binding
motif from E6AP were incorporated into the helix of
the third zinc finger of the Sp1 protein and a 26residue Trp-cage scaffold derived from EX4. As with
the McColl study, binding of zinc stabilized the threedimensional structure of the zinc-finger protein. The
E6-binding epitope was placed near the N-terminus of
the Trp-cage miniature protein entirely within the ahelix. Interestingly, it was determined that placing the
E6 binding epitope in the rigidified region of the zincfinger a-helix abolished binding to E6. However, moving the E6-binding epitope towards the C-terminus of
the protein, where a small portion of the epitope was
extended beyond the helix into an unstructured region,
significantly enhanced binding. This indicated that an
induced-fit binding mechanism may be required for
favorable E6•E6AP interactions. Of their most active
miniature proteins, the authors reported that the zincfinger protein E6apc2 inhibited the E6•E6AP interaction with an IC50 of 19.3 lM and the Trp-cage protein
E6apn2 displayed an IC50 of 26.2 lM. Each of these
activities were close to that of the parent peptide that
this group characterized previously (Be et al., 2001).
Miniature Protein Toxins as Potential Therapeutics
Invertebrate venoms contain small proteins that
function to inhibit voltage-gated ion channels (Gilchrist et al., 2014). Many of these toxic substances
have been used as probes to study cell physiology
and have revealed a host of information about ion
channel structure/function relationships (MoralesLazaro et al., 2015). As scaffolds, such proteins offer
a unique platform from which to design potential
therapeutics because their folds are often stabilized
by disulfide linkages, allowing the proteins to retain
their native folds even with major changes to the
amino acid sequence (Vita et al., 1995, 1998). Interestingly, many protein toxins found in nature seem to
occupy similar structural folds despite a high degree
of sequence heterogeneity. For example, the a-KTx
family of potassium channel blockers found in scorpion venom includes more than distinct 50 members
(Tytgat et al., 1999). However, the majority of these
toxins fold into a/b structural motifs containing a
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single a-helix and a two- or three-strand b-sheet
linked by two to four disulfide linkages.
An early study using a toxin as a scaffold to display
other protein epitopes reported on using the bee
venom protein, apamin to display the S peptide from
ribonuclease A (Pease et al., 1990). In this report, the
authors created a hybrid apamin protein that was
grafted with the peptide S sequence of ribonuclease A
(see Fig. 2C). This 25-residue miniature protein contained 10 residues from the S-peptide sequence grafted
onto the C-terminus of apamin; native cysteine
residues that contributed to structural stability were
not modified. The authors found that this hybrid protein retained its native fold and elicited an immune
response in rabbits, which produced antibodies that
cross-reacted with native ribonuclease A. Importantly,
this finding demonstrated that protein hybrids could be
used to generate antibodies against an entirely different protein with a similar sequence. More recently,
apamin has been used as a template for the rational
design of miniature protein-based activators of the
tumor suppressor, p53 (Li et al., 2009). In this report,
Li et al. used a structure-based approach to graft on the
FYWL epitope from the N-terminal transactivation
domain of p53 to the C-terminal a-helix of apamin.
These apamin variants, dubbed “stingins”, were
between 16 and 18 amino acids in length and were
found to adopt a similar fold to that of native apamin.
Several stingin variants were able to bind MDM2 proteins with Kds values ranging from 17.7 to 83.2 nM.
The authors note that stingins represent a novel class of
p53 activators that may have the potential to be used as
antitumor agents, provided they are coupled with a
therapeutically viable delivery method.
Scorpion toxins have also been gaining influence
as scaffolds to develop miniature protein-based therapeutics. Early reports using scorpion toxin proteins as
scaffolds to develop biologically active compounds found
that the folded structure of these miniature proteins are
able to tolerate drastic variations in amino acid
sequence, provided the position of the structural cysteines within the primary sequence remains unchanged
(Vita et al., 1995). Since this study was published,
scorpion toxins have been developed into therapeutics
in the form of ion channel blockers, antitumor agents
and antimicrobial agents (Bhavya et al., 2016). One
group reported on the development of a miniature protein derived from the potassium channel blocker
BmBKTx1 that binds MDM2 and efficiently kills tumor
cells (Li et al., 2008). BmBKTx1 adopts a typical a/b
toxin fold that contains an a-helix and a three-strand bsheet stabilized by three disulfide linkages. In this study,
the authors designed a novel MDM2-binding protein by
grafting the FLWL MDM2 binding epitope from p53
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onto the a-helix of BmBKTx1. These molecules were
termed “stoppin” for scorpion toxin-derived potent p53MDM2/MDMx inhibitor. Stoppin-1 bound MDM2
in vitro with a Kd of 790 nM, thus validating this
approach using protein grafting to turn BmBKTx1 into
an effective inhibitor of the p53•MDM2/MDMx interaction. Despite potent in vitro activity, however,
stoppin-1 was ineffective at killing tumor cells in culture
and the authors attributed this to the inability of
stoppin-1 to traverse the cell membrane. To circumvent
this issue, five native residues within the b-sheet portion
of the scaffold were replaced with arginine in order to
facilitate the delivery of these molecules to their cytosolic target. Notably, this cationic miniature protein,
termed “stoppin-2”, was effective at killing HTC116p531/1 cells at concentrations of 100 lg/mL. Scorpion
toxins have also been used as scaffolds to target proteins
along the Bcl-2 pathway. Work in the Holub laboratory
has focused on the development of ScTx-based BH3
domain mimetics that target anti-apoptotic Bcl-2 proteins with submicromolar affinity (Harris et al., 2016). In
this work, ScTx-based BH3 domain mimetics were reengineered by grafting residues from the helical BH3
interaction domains of the pro-apoptotic Bcl-2 proteins
Bax and Bak to the a-helix of ScTx. This study revealed
that ScTx–Bax and ScTx–Bak mimetics containing three
disulfide linkages folded into structures similar to that of
wild-type scyllatoxin, but did not bind Bcl-2 proteins
in vitro. Structural variants containing no disulfides,
termed ScTx–BaxDDD and ScTx–BakDDD, were found
exist as random coil structures in solution but were able
to bind Bcl-2 with respective Kd values of 287 and
827 nM. Notably, the unstructured ScTx-BH3 domain
mimetics were able to adopt an a/b motif similar to that
of wild-type ScTx in the presence of structure-inducing
co-solvents. Collectively, these results indicated that an
induced-fit binding mechanism is required for favorable
BH3•Bcl-2 interactions. The Holub group recently
expanded on these findings by determining the role of
single disulfide linkages on the folding and activity of
ScTx-based BH3 domain mimetics (Arachchige et al.,
2017). In this study, five ScTx-Bax variants were synthesized that varied in the number and position of disulfide
linkages within their primary sequence. Two analogs:
ScTx–Bax and ScTx–BaxDD,8–26 were found to fold into
structures reminiscent of wild-type ScTx. Among the
folded ScTx–Bax variants, only ScTx–BaxDD,8–26 bound
Bcl-2 in vitro, displaying a Kd of 277.5 nM. Two other
analogs: ScTx–BaxDDD and ScTx–BaxDD,12–28 were found
to bind Bcl-2 with respective Kds of 105.7 and 377.6 nM
despite showing no evidence of folded structure in solution. The final analog: ScTx–BaxDD,3–21 did not bind Bcl2 in vitro and did not fold into a structure resembling
wild-type ScTx. These results indicated that ScTx–Bax
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constructs containing one disulfide target Bcl-2 with
higher affinity when the disulfide is placed near the middle or C-terminus of the helical BH3 domain. Thus, in
the context of ScTx-based BH3-domain mimetics, the
N-terminus of the helical BH3 domain benefits from
more flexibility when targeting Bcl-2 proteins in vitro.
Furthermore, these results stress the importance of judicious placement of covalent linkages within BH3
domain mimetics designed to target anti-apoptotic Bcl-2
proteins. Taken together, these studies indicate that proteins found in arthropod venoms offer unique and powerful platforms for studying the molecular nature of
therapeutically relevant protein–protein interactions. It
should also be noted that many protein toxins isolated
from arthropod venom contain modular disulfide networks, allowing researchers to add or remove covalent
linkages within the miniature protein to optimize binding to native protein surfaces.
ENHANCING CYTOSOLIC DELIVERY OF
MINIATURE PROTEINS

As discussed in this research overview, miniature
proteins possess many desirable attributes that potentiate their development as therapeutic agents, including
synthetic tractability, proteolytic resistance, and the
ability to fold into structures capable of targeting native
biomolecular interactions. Despite these hallmarks,
however, miniature proteins often suffer from poor
bioavailability because of relatively high molecular
weights, immunogenicity, and short half-lives (Bruno
et al., 2013). Furthermore, miniature proteins administered to cells often become trapped in endosomes and
are unable to interact with cytoplasmic targets (Fu
et al., 2014). Unfortunately, this issue of endosomal
entrapment severely limits the number of “druggable”
biomolecular interactions that can be targeted by
protein-based therapeutics. Indeed, an effective, universal strategy to deliver protein-based drugs to the
cytoplasm of cells would likely revolutionize the protein therapeutic industry. Several strategies for facilitating the cytosolic access of therapeutic proteins have
been proposed, including pore formation in the endosomal membrane, pH-buffering effects of protonatable
groups, fusion into the lipid bilayer, and photochemical
disruption of the endosome (Varkouhi et al., 2011).
However, many of these approaches are toxic to cells
(pore formation) or unable to be applied to deep tissue
(photochemical disruption). Strategies are now emerging to incorporate functional epitopes into the primary
sequence of miniature proteins that facilitate endosomal escape. This section will briefly discuss efforts to
enhance the cytosolic access of miniature proteins
through changes in primary sequence and will include
Drug Dev. Res.
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studies that have used miniature proteins as scaffolds
to elucidate the molecular mechanisms of cytosolic
delivery. Strategies to enhance bioavailability of
protein-based drugs that significantly modify the protein’s size and structure, such as PEGylation (Ginn
et al., 2014) and palmitoylation (Oeste et al., 2014), will
not be discussed here.
Protein Transduction Domains
Protein transduction domains are small peptides
that are capable of traversing cell membranes.
Protein transduction domains are often classified into
three general categories: (i) short, cationic peptides
that are composed primarily of Arg and Lys residues;
(ii) hydrophobic leader sequences from cytokines and
growth factors; and (iii) cell-specific peptides that
have been identified through phage display libraries
(Zahid and Robbins, 2012). Since the discovery of
the cationic protein transduction domain Tat in the
late 1980s (Ruben et al., 1989), researchers have utilized polycationic peptide sequences as a means to
deliver a wide variety of biomolecules to cells, including peptides, proteins, and nucleic acids (Zahid and
Robbins, 2012). This delivery method has shown that
cationic peptides are able to facilitate cytosolic delivery of therapeutic agents by destabilizing the lipid
bilayer (Sugita et al., 2008). While determining the
exact mechanism of protein transduction remains an
area of active research, it is thought that cationic residues are able to interact with proteoglycans on the
negatively charged cell surface to facilitate molecular
transport (Poon and Gariepy, 2007). Efficient protein
transduction using such peptides often requires
micromolar concentrations of the molecules being
transduced and this relatively high concentration of
positive charge can lead to cytotoxicity. Protein transduction domains have been used as delivery vehicles
either as separate entities (Kichler et al., 2006) or as
direct conjugates (Becker-Hapak et al., 2001) to the
therapeutic agents being administered to the cell.
However, transduction efficiency of the therapeutic
agent is often reduced when the transduction domain
and drug are not direct conjugates. Furthermore,
covalently linking the protein transduction domain to
the therapeutic agent can adversely affect trafficking
and biological activity. To circumvent these issues,
researchers have now turned to grafting protein
transduction domains onto miniature protein scaffolds. Provided the transduction domain does not
interfere with the fold of the miniature protein, this
approach could, in theory, be used to transduce miniature protein-based therapeutics to cell interiors
without the need for additional delivery agents. Such
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“scaffolded” protein transduction domains may provide researchers unique tools that can be used to
study the nature of protein transduction as it relates
to elements of protein structure.
Cytosolic Delivery of Miniature Proteins
The Schepartz group has reported extensively on
the development of minimally cationic miniature proteins that display enhanced cell uptake and cytosolic
delivery. The majority of these studies focus on reengineering aPP miniature proteins for internalization
by installing cationic residues within the PPII- or ahelix (Daniels and Schepartz, 2007, Appelbaum et al.,
2012). Interestingly, their results showed that aPP scaffolds containing cationic motifs significantly surpassed
the uptake efficiency of well-known protein transduction domains such as Tat and poly-arginine. Furthermore, it was demonstrated that cationic aPP-based
miniature proteins were significantly more permeable
to cells than their wild-type counterparts. Other studies
from this group have involved varying the number and
position of arginine residues within the a-helix of aPP
or zinc-finger domains (Smith et al., 2008; Appelbaum
et al., 2012). These studies were designed to evaluate
how the stoichiometry of cationic residues within an ahelix of a miniature protein affected cell uptake and
cytosolic delivery. Results from these experiments
showed that up to five arginine residues could be tolerated within the a-helix of aPP without affecting the
canonical aPP fold. Using innovative fluorescencebased translocation and transcriptional assays, the
authors found that positioning five arginine residues on
three helical faces of the a-helix significantly enhanced
the cytosolic delivery of aPP and zinc-finger domains
over wild-type (Appelbaum et al., 2012; Holub et al.,
2013). Furthermore, it was determined that miniature
proteins containing this “5.3 motif” were rapidly internalized by the cell and escaped into the cytoplasm from
Rab51 endosomes. Interestingly, this trafficking pathway was different than that followed by Tat and polyarginine, which each required transport beyond Rab51
endosomes before being released into the cytosol. The
authors noted that a primary advantage of this strategy
is that the cell permeability of a miniature protein
could be significantly enhanced without increasing its
molecular size or affecting its overall fold. In addition,
these studies underscore the utility of using miniature
proteins as tools to study the molecular nature of cell
internalization and cytosolic delivery.
CONCLUSIONS

Over the past century, protein-based therapeutics have made a significant impact on the state of
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human health. The growing influence of this unique
class of drugs is evident in the increasing number of
protein-based therapies that have been approved for
clinical use. Proteins are considered attractive candidates for therapeutics because their natural folding
and sequence specificity makes them ideal for targeting a wide range of biomolecular interactions. Miniature proteins are short, well-folded peptide oligomers
that have received considerable attention because of
their synthetic tractability and ability to fold into
three-dimensional architectures. Despite being relatively short in sequence, miniature proteins rely on
the same intramolecular interactions as larger proteins to adopt stable three-dimensional folds. Hydrophobic interactions, metal ion complexation and
covalent linkages all play roles in the folding and stability of miniature proteins. It is precisely these folds
that endow miniature proteins with biological function and make them attractive leads as therapeutic
agents.
While the therapeutic relevance of endogenous
miniature proteins such as insulin and EGF cannot
be overstated, it may be argued that the true advantage of developing miniature proteins as drugs lies in
their ability to be used as scaffolds that can be engineered to include functional epitopes from larger
proteins. This protein grafting strategy has seen widespread use in the development of structurally diverse
miniature protein scaffolds that have been reengineered to target biomolecules including DNA,
RNA, and other proteins implicated in disease. Furthermore, sequence-specific epitopes have now been
grafted onto such varied folds as helices, loops,
sheets, and turns, thus demonstrating the broad
applicability of this approach. Given the incredible
versatility of the protein grafting strategy, it may be
possible, in theory, to design a complementary miniature protein for any biomolecular interaction.
Finally, a major disadvantage of protein-based
drugs is their inability to traverse cell membranes.
Indeed, the vast majority of protein-based therapeutics currently on the market have been designed to
target extracellular receptors or serum cofactors.
Unfortunately, this inherent cell-impermeability
severely limits the “druggable” interactions that
protein-based therapeutics are able to target. Work is
now being conducted that aims to enhance the cytosolic delivery of miniature proteins through the use
of unique protein transduction domains that facilitate
endosomal escape. While applications of this
approach to biologically functional miniature proteins
remain limited, it will be exciting to see how this
strategy is utilized in next-generation miniature
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proteins as the quest for developing ideal proteinbased therapeutics continues.
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