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Abstract

Miniproteins are a diverse group of protein scaffolds characterized by small (1-10 kDa) size,
stability, and versatility in drug-like roles. Coming largely from native sources, they have been
widely adopted into drug development pipelines. While their structures and capabilities are
diverse, the approaches to their utilization share more similarities to each other than to more
widely used modalities (e.g. antibodies or small molecules). This review highlights recent
advances in miniprotein-based approaches to otherwise poorly addressed clinical needs, including
structure-based and functional characterization. We also summarize their unique screening
strategies and pharmacology considerations. Through a greater understanding of the unique
properties that make them attractive for drug design, miniproteins can be effectively utilized
against targets that are intractable by other approaches.
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Molecular Therapeutic Modalities are Diverse in Structure and Capabilities

Pharmacological interventions can broadly be segregated into two categories with
implications to their capabilities, development strategies, and regulatory hurdles. Small
molecule drugs (typically < 1000 Da) are the historical gold standard for drug development,
typically targeting a small cleft in an enzyme or macromolecule and generally of limited
immunogenicity. Their liabilities are often a forced tradeoff between specificity and potency,
particularly when targeting a protein:protein interaction (PPI). Also, in oncology, the limited
interface surface area makes each target protein contact crucially important and particularly
susceptible to mutational resistance selection. The second category is biologic drugs (see
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Glossary), currently dominated by antibody therapeutics but also including modalities such
as peptides, antisense RNA, gene therapy, and cell therapy (Box 1). Antibodies accounted
for 7 of the top 15 sellers in the US drug market in 2018 [https://www.genengnews.com/wp-
content/uploads/2019/03/GEN_Apr19_AList_Table.jpg], and methods for their screening
and general development are well established. Antibodies excel at target binding and PPI
disruption with potency and specificity. However, they carry certain liabilities, including
inability to access intracellular targets [1], poor tissue penetration [2,3], complex
manufacturing and storage [4], immunogenic potential [5], and limitations to targets of
sufficiently poor homology in host animals for B-cell reactivity. Many high-value targets
like Ras, Myc, and amyloidogenic inflammatory molecules are considered “undruggable”
because they are found in locations antibodies cannot easily access (e.g. solid tumor cores,
brain, gut, cytosol) or lack pockets amenable to potent and selective small molecules [6].

Miniproteins, the topic of this review, are biologics of smaller molecular weight (1-10 kDa)
which may retain the potency and specificity advantages of antibodies while avoiding some
of their liabilities. The boundaries herein were based on two criteria: first, the existence of a
rigid tertiary structure within an independent stable folding unit; second, being of
sufficiently small size (less than ~100 amino acids) that synthetic production, complete
characterization, and regulation as a small molecule drug rather than as a biological product
are possible. While small size is a hallmark of miniproteins, their shared properties confer
functional utility and pharmacology that warrant their identification as a distinct class that
encompasses molecules that may fall within the size range of peptides or proteins (Box 1).
Miniproteins contain stable tertiary structures that facilitate specificity and potency in
addition to resistance to proteolysis, reduction, and denaturation. Their size also facilitates
computational design and SAR as well as favorable penetration through tissue and
manufacturing flexibility. Thus they offer the potential to address difficult biological
compartments and difficult targets.

Subcategories and Classes of Miniproteins

Miniproteins can themselves be segregated into three general subcategories, based on
biophysical properties that impact their pharmacologic capabilities and biosynthetic
production strategies (Figure 1 and Table 1).

Hydrophobic core miniproteins are rich in helices and sheets

The largest miniproteins are the hydrophobic core miniproteins, whose structure and
stability are driven by rigid secondary structural elements (a-helix and B-sheet) arranged
around a hydrophaobic core whose solvent exclusion drives its folding. Several such classes
have found use in preclinical and clinical testing. For example, adnectins and centyrins are
based on fibronectin type 3 (10Fn3) domains [7] and are reminiscent of antibody VH
domains with prominent loops extending out from a quasi-p-barrel structure. Similarly,
fynomers are adapted from the SH3 domain of Fyn kinase [8] and are primarily B-barrels
with exposed loops for binding. Affibodies are simple three-helix domains based on the
antibody-engaging Z-domain of Protein A [9]. Further, nanofittins and affitins are a
relatively recent addition to this class and possess extraordinary thermal stability as they are
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adapted from various 7-kDa DNA binding proteins from thermophilic archea [10]. All four
classes are of 7-10 kDa in size and have no need for chemical or oxidative stapling; as such,
they can be produced in bacteria in large quantities [7,8]. While their structures are diverse,
their binding is mainly driven by similar strategies as in antibody Fv domains: randomized
sequences within loops or helices attached to a rigid superstructure. Their thermostability
vary (melting temperatures in the 40’s to 80’s °C) [11] and are generally utilized when one
wants the pharmacologic function of an antibody on a small, globular scaffold.

Cystine-reinforced miniproteins use disulfides to drive folding and provide rigidity With
their folding and stability dependent on Cys-Cys disulfides (cystines), cystine-reinforced
miniproteins often require that screening efforts utilize eukaryotes (yeast or mammalian
cells) to facilitate cystine formation in the oxidative secretory pathway [12,13]. The largest
class consists of cystine-dense peptides (CDPs), including many spider venoms and plant
defense peptides. They are of tremendous taxonomic diversity representing a wealth of
structurally diverse scaffolds that nevertheless have similar biophysical properties
(suggesting convergent evolution of drug-like capabilities in rigid, cystine-stabilized
scaffolds) [12]. Several native CDPs are naturally cell-penetrant [14] or blood-brain barrier-
penetrant [15], adding versatility to their potential pharmacologic utility. Further, the striking
protease resistance provided by the cystine knot can enable activity in aggressive
environments such as the gastrointestinal (GI) tract [16]. Kunitz domains have similarities
to CDPs but contain a hydrophobic core and are specialized for protease inhibition;
hundreds of such proteins exist in nature, such as the popular engraftment scaffold human
APPI [13].

Lastly, avimers are based on the loop-rich A-domains of human cell surface receptors, and,
unlike CDPs or Kunitz domains, require coordination of a calcium ion. Avimers have been
shown to be highly amenable to multimerization [17]. While smaller (4-7 kDa) than
hydrophobic core miniproteins, the screening strategies for cystine-reinforced miniproteins
are similar to that of larger scaffolds. Binding is imparted by identifying surface exposed
regions to engraft known binder motifs or randomized sequences, or by whole-protein
(sparing cysteines) mutational screening.

Chemically stabilized miniproteins are rigidified versions of peptides

Most similar to small molecule drugs in both size (1-2 kDa) and functionality are the
chemically stabilized miniproteins. They have unique properties but can roughly be
considered as miniature, rigidified versions of B-sheets (B-hairpins), a-helices (stapled
peptides), or loops (bicycles) found at native protein-protein interfaces. All rely on a
chemical crosslinking step to stabilize what would otherwise be unstable or unstructured
peptide sequences [18]; we consider them to be miniproteins rather than simple peptides
because of the rigidity, functionality, and quasi-tertiary structure imparted by the
constraining bonds. Non-stabilized linear peptides can occasionally approach such structural
characteristics through selection or rational design, but the addition of chemical staples
serves to further improve thermostability and affinity (due to a lower entropic penalty upon
binding) [19]. Chemically stabilized miniproteins lack the potential surface area of binding
found in the larger miniprotein scaffolds, and as such, potency can be lacking when
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attempting to use them in conventional interface disruption roles; however, chemically-
versatile staples and non-natural amino acids can impart such desirable properties as thermal
and protease stability [20], oral bioavailability [21], and cell penetration [22].

Pharmacologic Capabilities of Miniproteins

Miniprotein functions are as diverse as those of native proteins. Broadly, there are five
pharmacologic capabilities for which miniproteins have been utilized: agonist, antagonist,
steric blocker, ferry, and joiner. This characterization can drive strategy for leveraging a
particular miniprotein’s strengths against a target of interest and its disease-associated
activity.

Agonist miniproteins augment target activity

Agonists are generally either based on mimicking the native ligand’s target engagement
mechanism or incorporation of the native ligand itself in a scaffold for better PK/PD
(pharmacokinetic and pharmacodynamic, describing drug distribution/elimination and
observed effect, respectively) parameters. For example, a melanocortin receptor agonist was
designed by engraftment of the MSH pharmacophore onto the cyclic CDP kalata B1 as a
candidate obesity treatment; the engrafted variant was less potent than the native ligand but
had high specificity and extreme stability to proteolytic degradation [23]. Similarly,
antidepressant stapled peptides, based upon the relaxin-3 neuropeptide and acting as
agonists for the relaxin family peptide receptor 3, are also in development and have shown
promising activity in rat models of depression and anxiety [24].

Indirect agonism, in the form of T-cell reactivity and immune tolerance induction, is also
feasible by CDP engraftment. One case concerns multiple sclerosis, where self-peptides
from myelin oligodendrocyte glycoprotein (MOG) are subject to auto-immune targeting, but
administration of exogenous peptides are unlikely to elicit immune tolerance due to poor
stability. This group engrafted a fragment of MOG into a stable kalata B1 scaffold; when
administered with a potent adjuvant, it rendered mice resistant to a subsequent inflammatory
stimulus used to model multiple sclerosis [25].

Antagonist miniproteins suppress or eliminate target function

Antagonists serve to interfere with a specific function of the protein. Amongst hydrophobic
core miniproteins, CD4- and gp41-binding adnectins were identified that specifically and
potently (< 10 nM EC50) inhibit HIV virion fusion with T-cell membranes [26,27]. Cystine-
reinforced miniprotein inhibitors are also in development on account of their native
inhibitory or agonistic activities: potent and selective native CDP inhibitors have been found
against targets like ASICla, whose native activity can potentiate neuronal injury after stroke
[28], and Kv1.3, whose inhibition can convert inflammatory microglia into a less active,
repair-oriented state [29]. Furthermore, tumor cells produce proteases that aid migration, and
as Kunitz domain miniproteins are specialized protease inhibitors, they are drawing interest
in oncology; for example, a randomly screened canine tapeworm Kunitz domain protein
EgKI-1 showed moderately potent (1-5 uM) ability to inhibit cancer cell growth and
migration [30]. This highlights the utility of screening for diverse functions in native
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miniproteins, as their drug-like properties can yield surprising capabilities that would not
rationally be ascribed to evolutionary pressure.

The smaller size of chemically stabilized miniproteins lends itself well to precise,
mechanistic target inhibition. In recent years, stapled peptides [31] and bicycles [32] were
developed to inhibit the oncogenic function of B-catenin, a target in the Wnt pathway and
cell-cell adhesion [33]. Similarly, stapled peptides targeting the EGFR/HER2/HER3
juxtamembrane interface were developed that impair dimerization and cross-
phosphorylation, reducing tumor burden in murine models of lung and breast cancer [34].
The peptides were more effective than tyrosine kinase inhibitors or monoclonal antibodies,
with the ability to avoid resistance mechanisms and access an important intracellular
domain. In general, a detailed structural knowledge of the target and its binding/response to
native inhibitors will provide the greatest payoff in miniprotein antagonist design, as small
motifs capable of potent inhibition can be inserted into a stable scaffold making them into
useful drugs.

Steric blocker miniproteins interfere with disease-associated PPIs

Steric blockers of PPIs are the most populous category of known miniproteins in clinical and
preclinical development, and the only category in which all three miniprotein subcategories
have made substantial progress. In oncology, there have been promising examples of
integrin-blocking knottin CDPs [35], VEGFR-blocking adnectins [36], TEAD-blocking
CDPs [12], RAS-blocking bicycles [37], and MCL-1-blocking stapled peptides [38]. Beyond
oncology, a sub-nM affinity adnectin blocks PCSK9 from participating in LDLR recycling,
aiding in normalization of cholesterol levels [39], while administration of an affibody
against amyloid B peptide improved cognitive function in Alzheimer’s model mice [40]. In
some cases, a native ligand is used for computational or rational design, while in others, the
target is randomly screened to find any binder and then counterscreened to confirm
disruption of the interaction of interest.

Ferry miniproteins alter the pharmacokinetics and/or biodistribution of other drugs

Vehicles for drug delivery are an increasingly popular role for miniproteins. The favorable
stability and varied biodistribution properties of miniproteins have been shown in some
instances to synergize with existing, potent small molecules to append the targeting
specificity of a biologic while maintaining the tissue penetration and clearance of small
molecule pharmacology. Utilizing tumor homing miniproteins for imaging modalities is
prevalent; a few examples include a native-derived knottin CDP with tumor accumulation in
mice and human patients [41,42], an affibody raised against PD-L1 [43], and an EGFR-
binding nanofittin [10]. All are intended to aid in diagnosis (positron emission tomography)
or tumor imaging and surgical resection (near-IR fluorescence) with high signal-to-
background ratios.

Rapid peripheral clearance and high tissue penetration of miniproteins are an inherent
advantage in such applications. A recent work with a bicycle targeting MTI-MMP
demonstrated much higher levels of injected dose accumulated in tumors than with an
equipotent monoclonal antibody [44]. Cytotoxic molecules can also be targeted to
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neoplasms, though care must be taken that the usual organs of miniprotein excretion (kidney
and liver) are not exposed to excessive levels of the agent. One example is HER2-targeting
affibodies that deliver aurostatin E [45]. Meanwhile, loop grafting a knottin CDP scaffold to
generate integrin binders can improve gemcitabine potency in glioma cells through
mechanisms like insensitivity to nucleoside transporter overexpression [46].

Joiner miniproteins bring two entities into close proximity to induce activity

Two distinct targets can be brought into close proximity (joined) via exposure to a chemical
or genetic fusion of miniproteins against one or both targets. This is useful for providing
artificially-high concentrations of membrane components, binding partners, or substrates to
targets of interest. Chimeric antigen receptor (CAR) T-cells are a prominent example of this
strategy. They typically use surface-tethered antibody domains that recognize markers on
target cells, linking the cells together spatially while initiating a signaling cascade that
activates a cytotoxic response, but an EGFR-binding adnectin can also be used in this
capacity [47]. As for soluble heterodimeric reagents, one group has fused a centyrin against
FcyRIIB with anti-OX40 antibody constructs, creating a potent T-cell activator [48].

Strategies for Primary Screening of Miniprotein Target Binders

As with other targeted interventions, identifying a miniprotein that binds to a target of
interest is the first step in their development. Most miniproteins are screened using some
variation of display technology (Figure 2) followed by affinity selection (chromatography or
flow cytometry), causing the coding sequence to travel with the protein for later
deconvolution. With that in mind, the choice of display technology is mainly driven by the
folding properties of the miniprotein in question. Hydrophobic core miniproteins robustly
fold without requirements for chemistry steps or oxidation. Hence, they are often produced
using common techniques such as phage display [49], bacterial display [50], or direct
nucleic acid display (e.g. mMRNA display [26], CIS display [48], or ribosome display [10]).
These methods require little more than a bacterial incubator or thermocycler, though the
isolated particles may require either host cells (phage) or exogenous enzymatic processes
(nucleic acid display) for gene amplification. Conversely, cystine-reinforced miniproteins
often require an oxidative environment to promote accurate cystine formation. This is most
commonly accomplished by display on eukaryotic cells, primarily yeast but occasionally
mammalian [12,51]. Eukaryotic (especially mammalian) display can increase the initial
screening timeline, but may speed development by producing molecules with the correct
disulfide topologies that translate authentically to soluble leads with good developability.
Some CDPs can be screened in bacteria or phage [52], but these are pre-selected for
prokaryotic folding compatibility, limiting scaffold diversity. Finally, chemically stabilized
miniproteins can be screened with high diversity phage display libraries [53-55]; in situ
stapling on the phage surface is often accomplished by incorporating cysteines and using
redox reactive linkers. The necessity of chemical conjugations adds complexity to the
screening protocol, but methods for streamlining this process exist (particularly in a
synthetic production setting). Whatever platform is used, affinity maturation of primary
screen hits can be performed in the same setting. It is usually approached with either random
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(e.g. error-prone PCR) or saturating (e.g. discrete variant pools) mutagenesis, depending on
economical constraints and the desired affinity characteristics.

For those who need high diversity screening incorporating non-natural amino acids
(NNAAs), one bead one compound (OBOC) screening can be considered [37,56]. OBOC
utilizes sequential mixing and separation of a pool of beads for each round of single amino
acid peptide extension, ensuring that a given bead only contains a single miniprotein or
peptide species. Beads are collected through similar affinity-driven methods to phage or cell
display, followed by mass spectrometry for identification. Alternatively, NNAAs can be
incorporated using techniques like RaPID, wherein engineered aminoacyl-tRNA synthetases
charge tRNAs with NNAAs, followed by mRNA display [57].

Computer-aided or manual rational design is also plausible with miniproteins for which a
confident target:ligand co-crystal structure exists, producing candidates predicted to bind the
target per simulated thermodynamic modeling or simply by mimicking the known binding
element. This method is most often applied to scaffolds rich in rigid secondary structure
elements (a-helices and B-sheets) [12,58,59], as their range of motion is more limited and
binding simulations are more accurate at predicting favorable energetics. These scaffolds can
be further stabilized by insertion of cystine staples [58], producing molecules of similar
stability to native cystine-reinforced miniproteins. Box 2 provides further elaboration on
computational screening strategies; while powerful, they require training and computational
resources that are not always accessible. In that case, if the interface is simple enough (e.g. a
single helix in a groove [60] or a loop engraftment [61]), candidates based on rational
sequence substitution can be produced and tested with low diversity screening methods in
mind.

Optimizing the Pharmacology of Miniproteins

A novel, potent target binder is not automatically a high-value therapeutic candidate. While
miniprotein scaffolds have inherent drug-like properties, optimization may be required to
meet the desired biological outcome in the complex system of the human body. Common
parameters for improvement may include pharamacokinetics, resistance to enzymes and
reduction, and immunogenicity. Furthermore, access to some targets requires cell
penetration (see Box 3). For a review containing a list of advanced miniprotein clinical
candidates, we recommend Simeon et al. 2018 [62].

The miniprotein’s pharmacokinetics is often targeted for optimization, depending on the
desired dosing interval and tissue exposure profile. It is particularly important to consider
target engagement at the site of action in addition to conventional serum half-life
characterization [63]. Extended local exposure due to binding or uptake accompanied by
more rapid serum clearance has the potential to abrogate off-target toxicities and can be a
pharmacological advantage of miniproteins. The target profile may also be a function of
acute versus chronic treatment, the Kinetics of the pharmacodynamic response, and the
treatment setting. Miniproteins typically have fairly short serum half-lives, but several
approaches are clinically validated to increase the serum half-life if desired. Linkage to a
polymer, such as polyethylene glycol (PEG), is a common technique to extend the half-lives
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of proteins. Specifically, PEGylation was successfully used to increase the half-life of a
cystine-reinforced helical miniprotein designed to block IL-6 in inflammatory disease [52].
Harnessing the long serum retention of albumin, either directly or indirectly, is another
established approach. Albumin fusion has been used to extend the half-life of avimers and
affibodies [64,65], and fatty acid binding to albumin was used to extend the half-life of a
bicycle miniprotein [44]. Alternatively, FcRn-mediated recycling can also increase the half-
life of miniproteins via fusion to Fc or full-length 1gG [66]. However, increasing miniprotein
size to reduce clearance could also restrict tissue penetration, a tradeoff that should be
considered when employing this strategy. Formulation and route also play a role; for
example, PLGA (a biodegradable copolymer of lactic and glycolic acid) encapsulation has
been used to extend exposure of miniproteins by providing a mechanism for prolonged
release [https://rapharma.com/wp-content/uploads/2019/04/Peptides-Congress-Presentation-
April-2019vFINAL_042419.pdf].

Resistance to proteolytic degradation and disulfide reduction is often necessary for the
desired target exposure, especially in aggressive compartments such as the Gl tract, the
cytosol, and topical locations. A higher density of covalent crosslinks may contribute to the
tremendous stability of some miniprotein scaffolds versus proteins such as antibodies. For
instance, a panel of 44 diverse CDPs contained members with striking resistance to pepsin
(77%), 100°C (45%), trypsin (5%), and even dithiothreitol (9%) [67]. These contained 3—4
disulfide bonds within ~40 residues, whereas 1gG1 contains 16 disulfide bonds within ~1350
amino acids. Further, of 5,311 de novo miniprotein scaffolds with hydrophobic cores that
were designed to bind botulinum neurotoxin B, only those containing cystines demonstrated
protease resistance [58]. Adding extra disulfide bonds to various Kunitz domain
miniproteins substantially increased resistance to mesotrypsin [13]. Chemical crosslinks
(e.g. staples) have also been shown to increase resistance to proteases. By locking the
secondary or tertiary structure of a miniprotein, stabilization of the scaffold can provide
increased conformational specificity as well as rigidity, both of which improve affinity
[12,68]. Screens for improved stability may be performed in model fluids with proteases,
glutathione, and pH relevant to the target compartments or in actual biological fluids /n vitro
or /n vivo. Finally, resistance to proteolysis can be introduced by altering the backbone
chemistry, such as incorporating D-amino acids [69] or f amino acids [70].

Lastly, immunogenicity is a potential risk for any proteinaceous therapeutic. Such a response
can neutralize the activity of the therapeutic or cause dangerous responses to the therapeutic
or endogenous proteins [71]. However, the relatively short sequences of miniproteins renders
them amenable to sequence optimization to minimize potential T-cell epitopes, and the
extreme protease resistance of some miniproteins should render them resistant to the
proteolytic processing required for MHC class Il presentation. The former can be
approached through in silico modeling, /n vitro T-cell activation assays, or in vivo
immunogenicity assessments, and the use of D-amino acids has also been considered [72].
However, the predictive power of these approaches are limited by a lack of clinical
validation [73]. Miniproteins including CDPs, fynomers, avimers, and p-hairpins have
shown low immunogenicity as assessed by antibody formation or maintained exposure after
repeat dosing [17,59,74-76]. However, anti-drug antibodies have been detected in humans
dosed with some Kunitz or adnectin miniproteins [77,78]. Some of these antibodies
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recognized engineered loops added to the scaffolds while others recognized the Pichia
manufacturing organism, but in both cases, they did not affect efficacy and/or exposure;
association with rare anaphylaxis was unclear. Immunogenicity can be a function of primary
or tertiary structure, but also of factors beyond initial drug design such as impurities,
aggregation, dosing route/schedule, formulation, and patient population. As such,
immunogenicity must be mitigated by a network of approaches that includes clinical
assessment.

Concluding remarks

Miniprotein scaffolds have enormous potential to impact disease intervention by
approaching the countless targets that are inaccessible to antibodies and lack pockets that
can be modulated by small molecules. Rather than supplanting existing modalities, we
believe miniproteins should be employed when their size, stability, and specificity fulfill a
need wanting in other approaches. Extensive structural and mechanistic knowledge of the
target is recommended before sophisticated miniprotein intervention strategies are tested.
However, tools for achieving this detailed understanding at the atomic level, combined with
increasingly powerful and accurate protein design software and established methods for
optimizing drug-like properties, permit creative approaches to unmet medical needs.

Further work to advance miniprotein therapeutics includes detailed consideration of the
pharmacology of disease targets, as well as technologies that facilitate development (see
Outstanding Questions). For a given disease pathway, efficacious target engagement [63,79]
requires adequate drug exposure to the tissue and/or cellular compartment where the target is
located, necessitating understanding of drug and target biodistribution and of duration of
effect upon target engagement. Advancing our understanding of the pharmacologic
properties of miniproteins, as compared to conventional modalities, will allow researchers to
determine which targets could be favorably approached with miniproteins. Additionally,
demonstration of the ability of miniproteins to effectively modulate targets that are
“undruggable” by antibodies or small molecules will increase confidence in committing
programs to these approaches; where possible, a side-by-side comparison with a
conventional approach is ideal. Continuing development of technologies that make
intracellular delivery and non-parenteral delivery routes more off-the-shelf will also
facilitate utilization of miniproteins, as will establishment of platform manufacturing and
regulatory approaches. Similarly, improvements in computational software that increase
accessibility with limited training will enable more researchers to use these tools. Being an
unconventional modality targeting unmet clinical needs, many of these efforts are well-
suited for academia.

With small molecule-like pharmacology and protein-like utility, miniproteins are
increasingly being utilized as a favorable approach to intransigent disease pathways; we are
excited to see the field continue exploring the capabilities of miniprotein clinical candidates.
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Agonist
molecule that stimulates a target protein or complex’s native activity

Biologic drugs

here encompassing therapeutics derived from biological sources, including cells, proteins,
nucleic acids, sugars, or complex combinations thereof. Note, certain peptides and proteins
may be regulated as biological products or as small molecule drugs by the US FDA

CIS display
nucleic acid display wherein the displayed miniprotein is fused to the RepA initiation
protein, attaching it to its own template DNA

Cystine-dense peptide

One of a structurally and taxonomically diverse class of cystine-reinforced miniproteins,
including knottins and defensins, whose folding and stability are entirely dependent on a
core of cystine disulfides (3 or more) without a hydrophobic core

Cystine knot
a disulfide topology common to CDPs containing a two-cystine macrocycle through which a
third cystine passes

Disulfide topology
the specific pairing pattern of cysteines when multiple cystines are present

Hydrophobic core
the interior of a protein or miniprotein containing aromatic or aliphatic (non-polar) side
chains, sequestered from solvent

In situ stapling
synthetic chemical stapling (typically thiol-reactive) applied to intact phage displaying
proteins with reactive amino acid side chains

Kunitz domain
a family of globular, disulfide-stabilized miniproteins with a hydrophobic core that
canonically serve as protease inhibitors, particularly in animals

Preclinical
vertebrate animal models meant to approximate patient pharmacology

Rational design
protein design based on incorporating known target:ligand interactions derived from
biophysical characterization

SAR
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structure-activity relationship, or how the structural and chemical nature of the molecule
impact biological function

Scaffold
a protein tertiary fold template, usually of modular folding capability

St

apling

intramolecular covalent bonds that serve to stabilize the scaffold, imparting rigidity,
thermostability, and/or protease resistance
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Box 1. Generalities of molecular therapeutic modalities. Effective therapeutics come
from many sources, but some high-level differences between categories can guide
discovery campaigns. Genetic or cell-based modalities (antisense RNA, gene therapy, and
cell therapy) are beyond the scope of this review. Of the discrete, targeted molecular
modalities, we favor categorization into large proteins, peptides, small molecules, and
miniproteins; the latter occupy a distinct class that straddles the size range of peptides
and proteins but offers a unique combination of molecular properties, which we highlight
compared to properties most typically occurring in the other categories in Table 1. Large
proteins are almost universally generated from whole or fragments of native sources;
antibody-based therapeutics are exemplary of this. Existing functional and manufacturing
knowledge facilitates their design and development, but required control of
posttranslational modifications, folding, and process-related impurities necessitates much
more extensive development pathways than for the other classes [4]. Miniproteins are
smaller, rigid scaffolds that can be produced recombinantly or synthetically. Their small
size typically results in short serum half-life, but they can bind with high affinity, and the
small, robust scaffolds may act in tissues and compartments that are unavailable to larger
proteins. Typical peptides lack the rigidity of miniproteins, hampering both stability and
binding affinity, but can be screened rapidly in high diversity (e.g. phage display) and are
often produced in high quantities through facile synthetic means [19]. The shorter
sequences of miniproteins and peptides are also more amenable to defined drug
conjugation. Finally, small molecules are excellent at engaging targets in binding pockets
inaccessible to large molecules and can achieve great potency [80]. They are amenable to
oral dosing in tablet form, which is most favorable for patients, and they lack the
immunogenic potential of proteinaceous drugs. Their weakness is in engaging a target on
a flat interface, where potency and specificity are limited.

Choosing a category best equipped for the task at hand can facilitate efficient resource
engagement. An extracellular target in the bloodstream with a flat interface is a candidate
for a large protein therapeutic. A miniprotein approach would be favored for a flat protein
interface in a location of poor accessibility to antibodies (e.g. intracellular) or a tissue of
high proteolytic activity (such as the Gl tract). Peptide screening could be used to mimic
native peptide:target interactions based on a minimal protein interface. Finally, enzymatic
activity disruption is often best accomplished with small molecules. Knowledge of the
target characteristics and biodistribution will guide this decision prior to screen initiation.
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Box 2. Computational design of miniprotein binders. Using tools like Rosetta protein
design software, it is possible to screen /n silico for target engagement using miniprotein
scaffolds. This is of particular utility in ligand mimicking, when the goal is to identify a
miniprotein that binds not just in the same site, but with the same amino acid interactions
as a known binder. This can sometimes be accomplished simply through rational design
based on studying the known binder at the interface, but oftentimes the interface is much
larger than can reasonably be transferred as a single pharmacophore. In this case, protein
design software can take an element of the known interaction to design a novel
thermodynamically favorable interface around it. In its most basic form, this design
process is performed in three steps: grafting, docking, and design [81]. First, a user-
supplied fragment of an existing binder is tested for engraftment capability onto a
proposed miniprotein scaffold, then tested for docking at the native binding site. If the fit
here is favorable (sufficient contact area with no steric overlap), the amino acids at the
interface can be mutated to design a novel binder candidate; for example, inserting basic
amino acids in close proximity to an acidic residue on the target to create a salt bridge.

For this purpose, it is important to distinguish whether one is using existing, native
scaffold crystal structures (e.g. RCSB PDB files), or de novo generated virtual scaffolds.
Existing miniprotein scaffold crystal structures are limited in number and diversity
(particularly because high resolution is required for a high success rate) but have the
advantage that their stability can be better predicted based on the behavior of the parental
protein. Alternatively, one can use scaffolds generated /n7 sifico in great numbers and
structural diversity, typically rich in rigid secondary structural elements with minimal
loops. This strategy increases your shots on goal for grafting/docking/design, but at the
cost of using scaffolds that have not been evolved in organisms for effective folding and
function. Either strategy is viable, and one should consult with experts at computational
protein design for advice, but the stability and rigidity of miniprotein scaffolds makes
them excellent candidates for this approach. This is because software can better predict
the stability and thermodynamics of an interface dominated by rigid elements (a
characteristic antibody CDR regions lack), allowing candidate binder generation with
higher confidence for real-world performance.
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Box 3. Cell penetration of miniproteins for cytosolic targets. Many compelling targets for
miniprotein drug development are intracellular, necessitating delivery across one or more
biological membranes. While cell penetration has long been investigated, a more accurate
approach requires consideration of the exact subcellular localization of the relevant
molecules. Beyond cellular uptake, endosomal escape may be important to effect and
must be assessed properly by experimental design [82,83]. Some venom-derived CDPs or
fragments thereof act on intracellular targets or traffic to specific intracellular locations
that may be useful to realize targeted delivery [14,84,85]. Studying the mechanisms
through which they natively access the cytosol could be fruitful for general miniprotein
cell penetration strategies. Locking a-helical conformation with introduction of a
hydrophobic staple can significantly increase cellular uptake of some peptides, especially
those possessing a moderate positive charge [22], while other approaches utilize a
concentrated patch of arginine residues on helical miniproteins [86]. However, the
mechanisms of uptake are still under investigation [83] and some peptides have decreased
uptake after stapling. Indeed, common features in many instances of cellular uptake are a
cationic domain and a covalent locking of configuration. Nevertheless, there is not yet a
common mechanistic understanding of the rules for imparting cytosolic delivery.
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Outstanding Questions

While the protein and peptide screening landscape is vast, not all small
proteins contain the drug-like properties of miniproteins. Can we develop
computational algorithms or economical /n vitro assays to aid in the
identification of novel miniprotein scaffolds with bona fide drug-like
properties, as opposed to the current practice of hypothesis-driven research?

Can the regulatory agencies establish a clear framework of CMC (Chemistry,
Manufacturing, and Controls) expectations for miniproteins, similar to
existing guidance for small molecule drugs and large protein (e.g. antibody-
based) biological products?

Can clinical datasets be correlated sufficiently to allow prediction of
minimally immunogenic miniproteins, taking into account unique
characteristics like a scaffold’s protease resistance or chemical staples?

Is there a generalizable strategy to design and evaluate biodistribution to
tissues and targets to achieve the desired tissue exposure profile?

Can we adapt miniprotein pharmacology assays (e.g. protease resistance,
serum half life, biodistribution, immunogenicity) to pooled candidate libraries
for more rapid selection of candidates and scaffolds with favorable drug-like
qualities?

Can computational interface design tools be adapted to using scaffolds of
substantial rigidity but minimal a-helical or B-sheet secondary structural
elements?

By specifically focusing on so-called “undruggable” protein targets in poorly-
accessible locations, can miniprotein therapeutics carve out a niche as a
primary modality for targets or conditions that have been intransigent to
conventional small molecule or antibody approaches?
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Highlights

Therapeutics based on miniprotein scaffolds can have antibody-like affinity
and functionality while avoiding some of the liabilities of larger scaffolds
such as poor tissue or cell penetration, protease and reduction sensitivity,
complex manufacturing and characterization, or (for antibodies) reliance on
targets of poor host homology.

Amongst miniproteins, three categories (hydrophobic core, cystine-
reinforced, and chemically-stabilized) emerge with distinct biochemical and
biophysical characteristics but similar utility.

Most screening campaigns use a variant of surface display, though chemical
conjugation can be utilized if necessary.

Miniprotein candidates that do not naturally possess favorable serum half-life,
cell penetration, or protease resistance properties can often be engineered
through evolution, genetic fusion, or chemical modification for these
characteristics.
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(A) (B) (C)
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Fynomer
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Figure 1.
Miniprotein classes illustrated. Examples of miniprotein scaffolds within the three general

subcategories of cystine-reinforced, hydrophobic core, and chemically-stabilized are shown.
See Table 1 for the RCSB PDB ID of each chosen scaffold. Images were scaled to
demonstrate relative size differences.
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(A) Bacterial display Phage display (B)

S
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o

Eukaryotic cell Nucleic acid
(C) (mammalian) display (ribosome) display (D)
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mRNA
GOl

nit

Figure 2.
Surface display screening strategies. Four techniques are highlighted: phage display (top

right; M13 phage protein plll fused to an avimer), bacterial display (top left; £. coli
displaying an affibody from its outer membrane), eukaryotic cell display (bottom left;
mammalian cell displaying a CDP from its plasma membrane), and nucleic acid display
(bottom right; ribosome display with a nanofittin). All are variations on a theme: the
miniprotein (blue ribbon structure) is tethered to an entity that contains the miniprotein’s
encoding sequence (blue line labeled “GOI” for gene of interest). The miniprotein is
exposed to a target protein, which is either labeled or immobilized, followed by specific
collection of the complex of target, miniprotein, and its tethered entity (bringing with it the
GOI). For phage and nucleic acid display, this is often done with bead-based affinity
methods. For cell display, flow cytometry is commonly used via cell staining with
fluorescently labeled target protein. Multiple rounds of binding, enrichment, and growth/
amplification are typical. After final collection, the GOI is then sequenced, identifying the
candidate target-binding miniprotein. Note: the bottom left mammalian cell is illustrated
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with an ER and Golgi apparatus to highlight the importance of the eukaryotic secretory
pathway for proper CDP folding. gDNA: genomic DNA.
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