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Molecular grafting is a strategy for the engineering of molec-
ular scaffolds into new functional agents, such as next-generation
therapeutics. Despite its wide use, studies so far have focused
almost exclusively on demonstrating its utility rather than un-
derstanding the factors that lead to either poor or successful
grafting outcomes. Here, we examine protein evolution and
identify parallels between the natural process of protein func-
tional diversification and the artificial process of molecular
grafting. We discuss features of natural proteins that are corre-
lated to innovability—the capacity to acquirenew functions—and
describe their implications to molecular grafting scaffolds.
Disulfide-rich peptides are used as exemplars because they are
particularly promising scaffolds onto which new functions can be
grafted. This article provides a perspective onwhy some scaffolds
are more suitable for grafting than others, identifying opportu-
nities on how molecular grafting might be improved.

Proteins with their diversified activities constitute the pri-
mary functional units of biology, working together in coordi-
nated interaction networks that are essential for life. However,
their dysfunction or dysregulation is the cause of many diseases.
In pursuit of more efficacious therapeutics, drug discovery has
moved from being a serendipitous pursuit to one aimed at
precise control of molecular function and the deliberate tar-
geting of specific proteins involved in disease pathogenesis. One
approach to the design of such targeted drug leads is molecular
grafting—the transplantation of foreign functional amino acids
onto a proteinaceous scaffold to create a stable molecule with
therapeutic function (1). Examples where molecular grafting
has been successfully used to design potent drug leads and
protein scaffolds that have shown promise in clinical trials have
been reviewed (2–4). The process of molecular grafting shares
striking parallels with the natural molecular evolution of pro-
teins, yet the two have not previously been linked.

Here, we explore molecular grafting from a new perspective
by linking it to concepts derived from protein evolution. To
establish this connection, we begin this article by comparing
the two processes in more detail, first from the viewpoint of
molecular grafting and then from the standpoint of evolution.
From there, we discuss studies on protein evolution, particu-
larly those that explore factors governing functional diversifi-
cation. The term innovability—the capacity to acquire new
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functions—earlier introduced by Tawfik et al. is used here to
recognize related and seminal studies of protein diversification
and enzyme engineering (5). The term is used to additionally
bring the focal point onto evolutionary-derived factors that
could also be important in molecular grafting. We then discuss
these factors with reference to disulfide-rich peptide scaffolds
to explore new ways of evaluating why certain scaffolds have
been difficult to use in molecular grafting and thus risk
becoming extinct, whereas others are inherently destined to
thrive. We conclude by speculating on how evolutionary in-
formation might be used to change not only how we think
about the process of molecular grafting but also how it is
carried out in the future.

Comparison of molecular grafting to molecular
evolution

Molecular grafting and “evolution” of the scaffold

Molecular grafting has similarities to its namesakes in hor-
ticulture or surgery. Although it has broad applications in
biotechnology, we focus here on its use in drug discovery. In
that application, molecular grafting involves taking a bioactive
pharmacophore and grafting it onto a scaffold—the intended
outcome being a therapeutic agent bestowed with desired
traits from both the “insert” and the scaffold (Fig. 1). The
pharmacophore insert could be a peptide chain that inhibits a
target protein activity, or a noncontiguous set of hotspot res-
idues rendered from the target protein–protein interaction
interface. The scaffolds can be as small as 50-mer peptides or
as large and complex as multidomain monoclonal antibodies,
although the term molecular grafting is more frequently
associated with the former type of scaffold, and particularly
with disulfide-rich peptides (1).

A recurring theme in molecular grafting is the selection of
scaffolds for their naturally evolved properties, such as
disulfide-rich peptides for their stability (1) and drug-like
properties (6), single protein domains for their compact
modular size (3, 7), or monoclonal antibodies for their role in
protein binding (8). The use of scaffolds with known structure
and well-characterized function underpins much of the power
of molecular grafting in drug design because it reduces the
complexity of a problem that is essentially a search through an
astronomically large sequence space. Molecular grafting can be
viewed as a more tractable approach than de novo design,
notwithstanding the recent significant progress in the latter
(9–11). In fact, through evolution, the generation of new
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Figure 1. Molecular grafting of bioactive residues onto a scaffold. The
scaffold, shown in white, acts as a molecular canvas, upon which bioactive
residues are grafted, resulting in a variant of the scaffold that now has a
new function. Molecular grafting has been applied to drug design to
develop therapeutic leads that inhibit a target protein.
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protein domains that are functional has commonly occurred
through the diversification of existing protein domains and
rarely through the creation of de novo folds (12–14). This
observation points to the effectiveness of designing new
functional molecules by re-purposing existing protein entities.

Both molecular grafting and molecular evolution involve the
modification of a progenitor protein to endow it with new
function. One difference between the two processes is the
definition of fitness, with economic factors, for example, hav-
ing an influence in drug discovery, but not in the same context
as in evolution. Another difference is that molecular grafting is
conducted over much shorter time frames and with smaller
population sizes. For instance, a recombinant library method
(such as phage, bacterial, yeast display) will typically have a
library size of �1012, whereas a structure-guided rational
method will be limited by throughput of <103 candidates in a
typical academic laboratory. These two methods represent the
two extremes on the spectrum of approaches that have been
employed for molecular grafting.

Models of evolution and their relation to molecular grafting

Diversification of protein function from an ancestral domain
involves the evolutionary processes of duplication, mutation,
and selection. Ohno’s classical evolution model (15, 16) specu-
lates duplication to be a neutral event, with copies drifting under
no selection, thereby accumulating mutations that might or
might not affect protein function. A protein with new function
subsequently emerges from this evolved library of variants
through selection. Ohno’s model has been questioned for its
evolutionary accuracy because duplication has an energetic cost
and is therefore unlikely to be exempt from selection (17).
Furthermore, mutations are, on average, deleterious and hence
believed to accumulate under purifying selection to remove
those that cause proteinmisfolding or loss of function instead of
being under no selection. Modern evolutionary models account
for these additional selective pressures (17).

Like molecular evolution, molecular grafting can be viewed
as involving duplication, mutation, and selection. Ohno’s
model can be used to describe molecular grafting by recom-
binant library methods, in which duplicated copies of a
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scaffold (rather than a domain) are randomly mutated in an
unbiased manner. Mutants having the desired activity or bio-
pharmaceutical properties are selected for using functional
assays. A drawback of Ohno’s model in this context (or for
adaptation) is that it is a relatively inefficient process. Many
misfolded and inactive variants of the scaffold need to be
screened (or maintained) before a functional one is found,
making creation of a new function a costly exercise. If the li-
brary from which function is selected could first be subjected
to purifying selection to remove deleterious copies, as
accounted for in modern evolutionary models, then the dis-
covery of new function would be a more likely event. Despite
this insight from evolution, deliberate removal of misfolded
variants from the initial recombinant library remains a
nontrivial task. Nevertheless, the important implication from
evolutionary models is that the challenge of using recombinant
display is not only the size of the library but also the way in
which it is designed and subsequently enriched or optimized.
Approaches that combine recombinant libraries to increase
throughput with intelligent structure-guided design of li-
braries, preferentially comprising folded members to increase
discovery efficiency, should therefore be of substantial value.

Factors that drive evolution and the diversification of
function

Differential rates of protein evolution

The frequency of diversification has increased through
evolutionary time, as supported by the correlation between
growth of protein domain families and organism complexity
(18, 19). The proteomes of eukaryotes comprise heavily
duplicated proteins, more so than in prokaryotes. Expansion of
protein domain families in metazoa and vertebrates is associ-
ated with functions required for multicellularity, such as
cellular signaling and regulation, and elaborate extracellular
sensing, such as immunity. These functions are mediated
through interaction networks, implying proteins enriched
through duplication in multicellular organisms have a fitness
advantage for protein binding. Additionally, these proteins
have been allowed to diversify to evolve new functions, sug-
gesting they are also advantageous for acquiring new activities
(20). These inferences support the proposition that frequently
duplicated proteins are collectively an excellent source of
scaffolds for molecular grafting because the aim is to design
molecules that bind protein targets and redress dysregulated
networks.

The apparently biased duplication of certain protein do-
mains could have other explanations, including different do-
mains being subject to different evolutionary times and/or the
effect of chance (20–22). Domains that were initially favored
by chance would have represented a larger proportion of
available proteins from which subsequent proteins evolve,
establishing an avalanche-like effect. Different proteins are also
under different selective pressures, which affect their rate of
evolution. For example, proteins that are abundant or perform
multiple important functions are under higher selective pres-
sure because mutations would have a more pronounced effect
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compared with those that are scarce or relatively nonessential
(17). In drug design, scaffolds are mutated and selected for
function, but other biopharmaceutical properties, not typically
a priority for nature, such as metabolic stability and cost of
manufacture, should also be considered.

Defining innovability and its determinants

Notwithstanding the complexity underlying differential
rates of evolution, if the frequency of duplication of a protein
domain is simply a manifestation of functional versatility, then
an important question that has been raised is as follows: what
features of those domains are conducive to that phenomenon
(23)? In molecular grafting, these features are relevant because
they could help guide the selection of scaffolds to increase the
success rate of obtaining the desired bioproduct. In attempts to
formalize these features, several terms have been proposed to
classify protein domains and folds, including “innovability”
defined above (20). Innovability is thought to be a prerequisite
for evolvability, the capacity of a protein domain to change
along evolutionary time (20). So too is robustness, the ability to
tolerate mutations while maintaining function and structure
(20). Another term, designability, has previously been pro-
posed to describe the number of sequences that adopt the
desired fold as the ground state and govern how readily a
Figure 2. Structure, disorder, and innovability. Both highly structured and di
new functions, leading to the paradoxical conclusion that both structure and
example for a structured protein. A substitution (in orange) to a highly structu
would introduce de-stabilizing contacts with preexisting residues (maroon) bu
residue contacts (green), as shown in the upper panel. In other words, the ene
free energy difference (ΔG) between the unfolded (U) and native states (N), as
that withstand the destabilizing effects of many substitutions before loss of str
Consequently, configurational stability is thought to be important for innov
proteins have no definite folded state for unstructured proteins, existing as a m
a protein target (N + P). Mutations are likely to be tolerated in unstructured p
protein fold is selected for in nature (24). In molecular grafting,
we are primarily concerned with the design of new function
while maintaining structure of the scaffold to be achieved over
a much shorter timescale than that associated with evolution.
Therefore, we choose to borrow the concept of innovability
henceforth when discussing molecular grafting.

Several seemingly contrasting biophysical features have
been proposed to affect innovability during evolution. On the
one hand, configurational stability is thought to be a key
attribute (5). Ordered structured proteins, such as Rossman
folds and TIM barrels, are buffered with many intramolecular
contacts available to compensate against the potentially
destabilizing effects of new mutations, granting those pro-
teins high innovability (5, 25, 26), as illustrated in Figure 2A.
In an apparently conflicting observation, highly disordered
proteins can also exhibit high evolutionary rates (27),
potentially because mutations have little influence on their
ability to function and therefore have high innovability, as
depicted in Figure 2B. Furthermore, conformational plasticity
and dynamics, rather than rigidity, is correlated with func-
tional promiscuity, another feature thought to enable innov-
ability (28–31). These disparate concepts have raised the
question of whether there exists a structural order–disorder
paradox (20).
sordered proteins have exhibited high innovability or the capacity to acquire
disorder are possible prerequisites for acquiring new functions. A, a general
red protein that causes an unfavorable energetic change to the native state
t would be tolerated by the structure because of the network of stabilizing
rgetic change introduced by the substitution would be small relative to the
shown in the middle panel. These proteins have many stabilizing interactions
uctural stability and, by inference, innovability, as shown in the lower panel.
ability. B, a general example for intrinsically unstructured proteins. These
ixture of conformations (N’ …) that becomes more defined upon binding to
roteins, making them highly innovable.
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One way to resolve the paradox is to consider that nature
utilizes both structured and disordered proteins that can
evolve new functions. Disordered proteins tend to be associ-
ated with transient low-affinity interactions, which are bene-
ficial in signaling networks to allow a rapid response to
changing and unpredictable stimuli (32). By comparison,
structured proteins are associated with long-lived high-affinity
interactions that would be beneficial for precise and
committed interactions. For these interactions that are often
essential and require specificity, the restrictions that structure
places on innovability would be an advantage because it helps
resist evolutionary change that would, on average, have a
negative effect on fitness.

The compensation between order and disorder and innov-
ability could well be context dependent. For instance, if folding
into a well-formed structure is a prerequisite for function, then
determinants of configurational stability would naturally be
associated with innovability. In the opposing context, where
structure is not vital, then disordered proteins would have
higher innovability than structured proteins because they
contain a larger proportion of sites that can be mutated
without structural effect. In drug design, rigidity is often a
constraint on the scaffold from the outset because it is asso-
ciated with many desired pharmaceutical properties that in-
crease efficacy and reduce off-target effects, such as enzymatic
stability and high binding affinity and specificity.

Innovability at the residue level

Rates of evolution can vary for individual sites within a pro-
tein (33, 34). Sites that evolve slowly are generally under selec-
tive pressure to maintain structure and function (33).
Biophysical factors, such as solvent accessibility, contact den-
sity, and flexibility have been correlated to evolutionary rates,
although they have shown limited predictive accuracy (34). An
important insight has come frommutagenesis and evolutionary
analysis of enzymes, which examined the role of residues in
stabilizing the scaffold structure and on activity (35). The results
have led to the concept of active site-scaffold polarity, which
defines the degree of separation of residues mediating function
(e.g., active-site residues) from those that maintain fold (e.g.,
core residues) (20, 23, 36). Enzyme folds that have high polarity
are proposed to have high innovability. For example, the TIM
barrel exemplifies a highly innovable fold, whereas DHRF ex-
emplifies a noninnovable fold based on the polarity concept (see
ref 35 for an illustration of active-site polarity). Identification of
residues that mediate function can sometimes be obscure as,
although they are typically built around the active site, they can
also occur at distant surfaces that are connected to the protein
core through physically contiguous contact networks, referred
to as sectors (37). These internal contact networks appear to be
ubiquitous in proteins and are related to conserved functional
activities. Adapting the idea of polarity to molecular grafting,
sites that should be chosen formutation should be those that are
decoupled to the structure of the scaffold. Within the set of
decoupled residues, disordered regions would be more innov-
able but might lead to lower affinity interactions, whereas rigid
4 J. Biol. Chem. (2021) 296 100425
regionswould be less innovable butmight result inmore specific
binding to the target.

Re-thinking disulfide-rich scaffolds in molecular
grafting

Disulfide-rich scaffolds and their evolutionary diversity

Peptides comprising disulfide bonds are highly abundant
and diverse in nature. Interestingly, a very limited correlation
has been observed between the sequence and structures of
these types of peptides (38), supporting their potential for high
innovability. We focus on peptides having fewer than 50 amino
acids because they have beneficial biopharmaceutical proper-
ties based on their small size, such as increased tissue pene-
tration and low potential for immunogenicity compared with
protein scaffolds. A recent survey of the Protein Data Bank
structural database identified a set of disulfide-rich peptides of
varying cysteine content and connectivity (39). Peptides with
three disulfide bonds forming a I-IV, II-V, III-VI connectivity
are the most common. A large proportion of these form the
inhibitor cystine knot (ICK) topology, in which two disulfides
(I-IV and II-V) form a ring through which the third disulfide
(III-VI) threads, as shown in Figure 3A. Peptides that comprise
the ICK structural motif are also known as knottins (40) and
are highly dispersed through evolution, with examples found
in fungi (41), plants (42), and animals (43, 44), as illustrated in
Figure 3A. For example, the fungal tomato pathogen Clado-
sporium fulvum produces AVR9, a 28-amino acid peptide (45);
the Australian funnel-web spider Hadronyche infensa pro-
duces Hi1a, a 75-residue peptide (46); and the potato produces
a 39-amino acid carboxypeptidase inhibitor (47). The struc-
tural and functional diversity of the ICK motif show that it has
acquired different mutations and activity over evolutionary
time, suggesting that peptides with this motif are highly
innovable. Indeed, they have attracted wide interest as thera-
peutic modalities (48–52). For example, analogs of the scor-
pion peptide chlorotoxin (53) and the engineered R01-MG
peptide (54) have undergone clinical trials as imaging tools to
guide surgical oncology, and an analog of the cyclotide kalata
B1 is entering trials as an immunomodulatory agent (55).

The cyclotides are a family of ICK-containing peptides that
have additionally evolved a macrocyclic backbone (56). The
sequences that project from the ICK core are referred to as
loops, with each loop connecting two successive Cys residues:
the first loop (loop 1) joins I to II and the last completing the
cycle between VI and I. Cyclotides have so far been found in
numerous plant species, with a single host plant capable of
producing hundreds of different cyclotides (Fig. 3A) (57). They
function in plant defense, with some acting by targeting gut
membranes of insect predators and others by inhibiting
digestive enzymes (58). Their protective functions provide an
evolutionary explanation for their distribution and abundance.
Their gene structures, which can contain multiple copies of
the same or different cyclotide precursors (Fig. 3B), is evidence
of duplication and drift through evolution (59–61), mirroring
the process of protein diversification described in evolutionary
models.



Figure 3. Evolution of the inhibitor cystine knot motif as a natural scaffold. A, the inhibitor cystine knot (ICK) is a structural motif that is widely
distributed in nature and found in many different organisms of varying evolutionary age. Kingdoms and clades in which ICK-containing proteins or peptides
have been found so far are highlighted in black font, whereas kingdoms and clades that do not have ICK-proteins and peptides are in gray font. Kingdom
names are bolded to distinguish them from clades. Evidence for the existence of the ICK in different organisms is based on entries in the KNOTTIN database
(40) and independent experimental validation. The ICK motif comprises three disulfide bonds linked in a I-IV, II-V, and III-VI connectivity as shown to the top
right. The first two disulfide bonds bridge the interleaving sequences between the cysteine residues I and II and IV and V, forming a ring (in purple) that
encircles the third disulfide. One family of ICK-containing peptides have a cyclic cystine knot motif and are called cyclotides. They are distinguished by also
having a backbone sequence linking the sixth cysteine residue back to the first (in orange). The sequences between successive Cys residues are referred to
as loops, which are labeled 1–6. Cyclotides have been found in the Rosids and Asterids clades. B, cyclotides are ribosomally produced from gene precursors
that encode one or more cyclotides, which is evidence of evolution involving gene or domain duplication. Processing of the gene precursors into mature
cyclotides involves proteolytic and ligase activities of papain-like cysteine proteases and asparaginyl endopeptidases. Based on the reported cyclotides
sequences, cyclotides exhibit large sequence diversity in their loop sequences. Conservation of residues in loop 6 is associated with the biosynthetic
pathway.
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ICK-containing peptides have been widely used as molec-
ular grafting scaffolds, with cyclotides represented in over two
dozen studies reported so far (1, 62). The most frequently used
cyclotide scaffolds are kalata B1, discovered from Oldenlandia
affinis, from the coffee plant family, and MCoTI-II from
Momordica cochinchinensis from the squash plant family.
CyBase, a database of cyclotide sequence and structures (63),
shows cyclotides have high sequence diversity which, when
mapped onto the prototypical structure of a cyclotide, provides
evidence for their potential as a molecular grafting scaffold for
tolerating new mutations, as illustrated in Figure 3B.
Conserved residues in the cyclotide scaffold that are related to
structure (i.e., Cys residues) would have low innovability. The
conserved Asp/Asn residue in loop 6, however, is a result of an
enzyme-mediated biosynthetic mechanism (64–66) that can be
easily bypassed using chemical ligation strategies during arti-
ficial synthesis (58). It is important to note that the evolu-
tionary reason for the conservation of specific residues in loop
six are different to those that govern innovability.
Configurational stability of the scaffold structure

High melting temperatures are diagnostic of stable scaffolds
and are exhibited in many reported molecular grafting scaf-
folds, including those demonstrating high clinical potential so
far, such as the monobody/adnectin scaffold (2). Of the scaf-
folds used in molecular grafting studies, disulfide-rich peptides
arguably represent optimal solutions. The cyclotide scaffold,
for example, contains three interlocked disulfides that cova-
lently reinforce the core against thermal or chemical dena-
turation. Its rigid core has been shown to compensate against
Ala substitutions to all loop residues (i.e., non-Cys residues),
with the mutations having no apparent effect on overall
structure of the prototypical cyclotide, kalata B1 (67). Applying
concepts of evolution, the capacity of the loops to tolerate
mutations indicates they are decoupled from the structural
residues. Loop 6 appears to be the most decoupled of all
cyclotide loops because it is not present in many other ICK-
containing peptides (40) and therefore not essential for
structure. Indeed, an acyclic mutant of kalata B1, in which loop
J. Biol. Chem. (2021) 296 100425 5



JBC REVIEWS: Molecular grafting and evolution
6 is disconnected, retains the cyclotide fold (68, 69). Interest-
ingly, the cyclotide fold is also tolerant to acyclic permutation
(68, 69), which is also a feature of thermostable proteins with a
robust and densely packed core (70).

Not all peptides belonging to disulfide-rich scaffolds
characterized by high sequence diversity have rigid folds and
are highly innovable; e.g., the peptide based on the EGF(A)
domain from the LDL receptor, which is involved in
cholesterol metabolism by binding to the serum protein
PCSK9. The EGF(A) domain belongs to the EGF-like family,
which encompasses many disulfide-rich domains found in
humans (71). Unlike the cyclotide kalata B1, it has poor
tolerance to Ala substitutions to non-Cys residues, with the
mutations destabilizing the overall fold and favoring highly
disordered states despite retaining the disulfide bonds (72).
The mutational analysis suggests almost all residues are
coupled to structure, implying the peptide has low innov-
ability as a scaffold. Why are so many residues coupled to the
structure in this peptide but not in others? The answer might
lie in its specialized function as a calcium sensor, which re-
quires it to rapidly exchange between conformations in
response to fluctuating calcium levels (72). It appears evo-
lution has fine-tuned the peptide and all its constituent res-
idues to collectively perform a specific purpose, potentially
pushing the peptide into a “dead-end” in the innovability
landscape. This example shows that it is important to delve
deeper into the evolutionary history of a peptide to under-
stand its potential innovability, and the current day snapshot
of the diversity of the family to which it belongs can be
misleading.

Folding into the scaffold structure

The discussion above focuses on the stability of the struc-
ture once formed, but of course that formation process cannot
be taken for granted. Indeed, the capacity of a scaffold to fold
into its native structure and deliver its payload is an important
determinant of its innovability. Folding is generally considered
to be dependent on sequence only, in accordance with Alfin-
sen’s dogma (73), and described by funneled energy landscapes
directed toward the lowest energy state, e.g., the native fold for
natural proteins. Mutations that reduce yield of the native
structure reconfigure the folding landscape, creating obstruc-
tive energetic barriers that disrupt intramolecular contacts
required for productive folding. Therefore, in molecular
grafting, it is preferred to have scaffolds with robust folding
landscapes stabilized by productive contacts during folding
that resist being derailed by mutations. In choosing regions of
a scaffold to modify, one should consider regions decoupled to
productive folding pathways, as regions decoupled to structure
are likely to have high innovability. However, interresidue
contacts involved in folding might be cryptic because they
might exist only transiently during folding and disappear once
the final structure has formed. For the cyclotide scaffold, Ala
substitutions have vastly different effects on folding yield,
despite having no significant effect on the integrity of the final
structure (67), as shown in Figure 4. Mutagenesis studies are
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therefore useful for identifying regions of a scaffold coupled to
folding. Experimental and theoretical approaches to probing
protein folding has been reviewed previously (74).

According to the principle of minimal frustration (75),
evolution optimizes the sequences of natural proteins to fold
efficiently. This principle is supported by the observation that
homologous proteins have comparable folding rates despite
having different melting temperatures because of different
unfolding rates (76). It could infer that scaffolds associated
with high diversity have robust folding pathways. However, the
level to which folding has been optimized can be dependent on
evolutionary time. The family of α-conotoxin peptides found
in the venom of cone snails are two disulfide-containing
peptides characterized by highly diverse sequences, but
native peptides are well known to easily adopt different di-
sulfide bond isomers. It is possible that conotoxins have not
been exposed to sufficient evolutionary time to be optimized to
fold into a single active conformation, or cone snails have not
yet evolved elaborate assistive folding mechanisms compared
with more complex organisms. Interestingly, despite the
structure-function dogma, different disulfide isomers of con-
otoxins can still be functionally active (77–79), which might
suggest their folding plasticity has been selected to offer an
adaptive advantage. Nevertheless, as folding is important to the
innovability of a peptide scaffold but not straightforward to
understand based on an analysis of sequence diversity, directed
experiments are useful to help define the level of innovability
of a chosen scaffold.

Future directions

The aim of this article is to establish a connection between
molecular evolution and molecular grafting, from which we
hope to stimulate wider investigations into the use of evolu-
tionary information to drive the design of next-generation
therapeutics. How can we learn from evolution to select bet-
ter scaffolds for molecular grafting? Can evolutionary pro-
cesses be used to improve ways in which we modify scaffolds?
Are studies of evolution also useful beyond molecular design
of function? Can they be applied to help translate a grafted
scaffold into an approved therapeutic?

Insightful uses of evolutionary information could lead to
scaffolds that are more suitable for molecular grafting (Fig. 5).
The naïve approach is to select peptides or proteins that are
associated with a sequence-diverse fold as scaffolds. However,
this type of evolutionary analysis does not account for evolu-
tionary processes or phylogenetic relationships. It provides
only a starting pool of potential scaffolds, rather than a
conclusive assessment on the innovability of a selected mem-
ber. Methods to identify/design those with high thermal sta-
bility might be more fruitful in identifying a single starting
scaffold (5), and we propose they should have wider applica-
tions in molecular grafting. For example, mutating positions to
the consensus amino acid could be used to design starting
scaffolds. The method has been proposed as a means of
increasing thermostability based on the hypothesis that the
consensus amino acid contributes more to stability than



Figure 4. Innovable regions within a scaffold. A scaffold will have regions within it that have higher innovability than others depending on its level of
decoupling from stability of the scaffold. Stability is affected by folding and unfolding rates. In this figure, we demonstrate the variation of innovability
among sites within a scaffold associated with folding by using the cyclotide scaffold as the example. The cyclotide scaffold is depicted as a string with the
characteristic six Cys residues as yellow circles. Overall, a native cyclotide scaffold might have high innovability and be able to accommodate many sub-
stitutions. A, however, some regions are coupled to folding. For example, when a substitution is introduced into loop 1 (red circle), the folding landscape is
distorted (pink), making folding into the native structure (N’) less favorable than that achievable by the parent peptide (N, gray folding landscape).
Therefore, loop 1 has low starting innovability that declines rapidly with each additional substitution. B, in comparison, other regions (e.g., loop 6) are
decoupled from folding, and so substitutions in these regions (blue circle) have no impact on the folding landscape. The native structure of scaffold analogs
(N’’) are similarly favored as the native state of the parent scaffold (N). Therefore, these regions have high innovability and high tolerance to substitutions.
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nonconsensus residues (80, 81). Ancestral sequence recon-
struction is another method for predicting a highly stable
scaffold (82, 83). This alternative method is based on the hy-
pothesis that ancestral proteins have higher thermal stability
than those observed today, with the notion that environmental
temperatures were higher in the Precambrian era as one
possible explanation, although the origins of the stability and
trends across evolutionary time are still under debate (84). Not
directly related to stability is the method of identifying hub
sequences for use as starting scaffolds (85). These sequences
are highly connected to related sequences through mutational
space. That is, compared with poorly connected sequences,
hub sequences require fewer mutational changes to describe
more of the observed sequences. These techniques have
proven successful in protein design and enzyme engineering
efforts but have yet to be fully explored from a molecular
grafting perspective. Looking to the future, improvements to
the accuracy of these methods in predicting optimal scaffolds
and a thorough understanding of their utility in molecular
grafting would be valuable.

The search for innovable scaffolds should be followed by an
understanding of how a selected scaffold can be best modified.
The importance of having regions decoupled to structure and
function for innovability argue for the need for detailed un-
derstanding of the biophysical role of individual residues and
therefore the importance of advancing experimental tech-
niques that enable those investigations to be conducted
rapidly. It also points to the value in examining links between
evolution and protein physics (86), e.g., between statistical
physics and population genetics, to build mechanistic
explanatory models that could be simulated to understand
protein mutational drivers and predict yet unknown de-
terminants of innovability. There are opportunities for
applying co-evolutionary analyses, which have demonstrated
potential for inferring function (87), predicting functional dy-
namics (88) and tracing protein specificity and affinity (89), to
reimagine processes used in molecular grafting to design
molecules that target a specific protein.

We recognize there are other considerations beyond scaf-
fold selection in drug development (Fig. 5). These consider-
ations could be related to pharmacodynamic properties (e.g.,
target selectivity and specificity), pharmacokinetic properties
(e.g., route of administration, cytoplasmic delivery efficiency
for cytosolic targets), or developability (e.g., cost of produc-
tion). A therapeutic biomolecule often needs to meet many
criteria to have a broad impact on healthcare. Some scaffolds
might inherently be more suitable regardless of their evolu-
tionary history. For example, smaller scaffolds, such as pep-
tides, have higher tumor tissue penetration and will be
preferred for applications where that property is a priority.
Although peptide and protein-based therapeutics can be
viewed as safe because they are composed of amino acids and
therefore breakdown into products already found in the hu-
man body, their potential immunogenicity is a constant
concern. It is therefore interesting that sequences designed by
consensus engineering and ancestral reconstruction have
J. Biol. Chem. (2021) 296 100425 7



Figure 5. Use of evolutionary information to improve the process of molecular grafting. The early conceptualization of molecular grafting, referred to
as the “first-generation approach”, is represented in the vertical flow diagram on the left. It involves the initial identification of a naturally occurring family of
peptides chosen for their potential as scaffolds, from which an individual member is then selected based on a desired property, such as natively high
expression or stability. A bioactive peptide sequence (shown as a string of colored circles representing amino acids) is then grafted onto this lead scaffold,
resulting in a grafted peptide that typically requires optimization before it can become a therapeutic agent (schematically illustrated by the two-disulfide
exemplar grafted and optimized peptide at the bottom left). Disulfide bonds are shown in yellow, and orange-colored circles are used to illustrate residue
mutations during optimization. Although some aspects of evolution are intrinsically considered during this first-generation approach, we propose there to
be many opportunities to incorporate evolutionary information to improve the process, leading to what we here call an “evolution supported approach”.
Such an approach, shown in the flow diagram on the right, might lead to the more successful design of drug-like molecules. Several types of evolutionary
analyses and the resultant understanding of specific aspects of protein diversity, co-evolution, and impacts of aggregation and immunogenicity are noted
in the text boxes to indicated how these factors can be built into the evolution supported approach.
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potential for lower immunogenicity (90), although the reasons
for that observation in a few cases so far are still unclear. A
biological therapeutic also needs to resist aggregation to
maintain desired efficacy. An understanding of how biological
systems have evolved to avoid unwanted aggregation might be
helpful here. For example, a study has shown that low
sequence identity between consecutive domains in a tandem
array safeguards against misfolding and aggregation (91),
which is useful knowledge for design of multivalent designer
proteins. We mention these studies that link evolution to
desired biopharmaceutical traits because they raise the
intriguing thought that evolutionary information will be able
to contribute more to the design of therapeutics beyond the
identification of scaffolds.

In conclusion, we have provided a perspective on molecular
grafting by comparing it to evolution. We highlighted the
concept of innovability and suggest an understanding of its
8 J. Biol. Chem. (2021) 296 100425
determinants is valuable for the selection of scaffolds that have
the best chance of leading to a successful grafting outcome.
Beyond these investigations, evolutionary processes might
have broader value in inspiring new approaches to design and
develop therapeutics.
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