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ABSTRACT: A common bioengineering strategy to add function to a
given molecule is by conjugation of a new moiety onto that molecule.
Adding multiple functions in this way becomes increasingly challenging
and leads to composite molecules with larger molecular weights. In this
review, we attempt to gain a new perspective by looking at this
problem in reverse, by examining nature’s strategies of multiplexing
different functions into the same pleiotropic molecule using emerging
analysis techniques such as machine learning. We concentrate on
examples from the innate immune system, which employs a finite
repertoire of molecules for a broad range of tasks. An improved
understanding of how diverse functions are multiplexed into a single
molecule can inspire new approaches for the deterministic design of
multifunctional molecules.

1. INTRODUCTION
Synthetically modified molecules are known to have a broad
range of functions, from targeted drug delivery to biomarker
imaging to tracking of intracellular events.1 A common strategy
to add function to a given molecule is by conjugation of a new
moiety onto that molecule. As an index of the impressive
progress, the repertoire of conjugation techniques used to
attach synthetic chemical groups to proteins has grown
drastically in recent years.2 As with all fields, there exist both
contingent and structural difficulties. For instance, aside from
the chemistry of bioconjugation, care must usually be taken to
ensure that there is minimal interference between different
parts of the resultant composite molecule. Moreover, adding
multiple functions in this way leads to progressively more
difficult chemistry and larger molecular weights. In this review,
we attempt to gain a new perspective by looking at this
problem in reverse, by examining so-called pleiotropic proteins,
proteins that have multiple functions encoded into the same
structure.
Over the past few decades, multifunctionality has been

discovered in an increasing number of natural proteins. These
so-called pleiotropic proteins with multiple coexisting roles can
be considered products of natural bioconjugation, through
which the introduction of covalent structural changes confers
new functions.3 Due to the prevalence of proteins simulta-
neously involved in several cellular processes, multifunctionality
is now believed to be the rule rather than the exception. In fact,
over 60% of the proteins in archaea and bacteria, and over 80%
of eukaryotic proteins, contain more than one functional
domain.4 In addition, hundreds of “moonlighting” proteins, a
subclass of multifunctional proteins, have been identified to

perform two or more distinct functions within a single domain
and are not the result of gene fusions, alternative splicing, or
multiple proteolytic fragments.5−7 One example is phospho-
glucose isomerase, which is a cytosolic glycolytic enzyme
involved in energy metabolism. When secreted from cells, it
also plays a dual role as the extracellular cytokine neuroleukin.6

While incorporating multiple functions into one protein may be
nature’s method of doing more with less, protein multi-
functionality introduces additional levels of complexity that can
complicate efforts in understanding physiological processes and
molecular mechanisms of disease.
With the significant implications of protein multifunctionality

for human health, in both normal and pathological contexts,
expanding on our current knowledge of multifunctional
proteins can aid in the identification of other proteins and
protein families that may also harbor additional functions, and
provide insight on how these additional functions evolve.
Furthermore, an improved understanding of how multifunc-
tional proteins orchestrate their diverse roles also can enable
the design and development of new therapeutics that can
perform a multitude of actions, as well as more accurately target
the specific roles of multifunctional proteins.
In this review, we present examples from the innate immune

system, where multifunctionality is a matter of survival, given
that a finite repertoire of molecules must organize against
diverse and often unanticipated threats. Specifically, as a
baseline example, we will start with a distinct function that
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seems simple enough, that of membrane remodeling and
permeation. The point of the review is not to offer an
exposition of current ideas on membrane remodeling or
attempt a definitive and comprehensive account of the
historical development of these ideas. Rather, the intention
behind our choice of tracking this singular function is to adduce
a classic case of a seemingly isolated function that is thought to
be reasonably well understood in terms of peptide structure,
before proceeding to an alternative, if not precisely opposite
generalized conception of pleiotropic engineering, in which
multiple functions are simultaneously optimized into a single
peptide sequence. We first examine how membrane activity is
encoded into a variety of peptides and proteins: In each of
these molecules, membrane interactions underlie their roles in a
variety of biological processes that involve membrane
remodeling, including antimicrobial activity, membrane fusion
and fission, budding and scission, and direct membrane
translocation. In an extreme illustrative case of how membrane
activity can be combined with other activities, we show how
some of the structural requirements for membrane remodeling
in innate immunity peptides, such as amphipathicity, can also
allow self-assembly without membranes into scaffolds that
organize immune ligands for multivalent presentation to
immune receptors, leading to massive immune amplification.
We expand the scope of inquiry and describe how machine-
learning-based methods can be used to train a classifier that can
discover unanticipated membrane activity in other proteins,
especially proteins or peptides that have been annotated to
have other primary functions (such as neuropeptides in
signaling or molecular motors for force generation). Not only
do we see how nature combines membrane activity with other
functions, but we can also see specifically how membrane
activity comes into being via evolution by combining machine
learning and classical evolutionary biology methods. Finally,
with these vignettes as a backdrop, we look at some engineering
possibilities where we add membrane activity into existing
molecules to make synthetic multifunctional molecules. Within
the compass of this review, we use techniques that are not
usually applied to bioconjugation problems, such as machine
learning and synchrotron X-ray diffraction. The hope is that by
using some of these techniques, we can learn by example from
nature’s strategies of multiplexing different functions into the
same molecule.

2. MULTIFUNCTIONALITY IN INNATE IMMUNITY
PROTEINS
2.1. AMPs. Antimicrobial peptides (AMPs) constitute a

major component of the innate host defense system.8−13

Collectively, they display broad-spectrum antimicrobial activity
and though widely diverse in sequence and structure, they share
some common features. Most AMPs are short (<50 amino
acids), cationic, and adopt an amphipathic structure that is
characterized by segregated polar/cationic and hydrophobic
regions.8−12 They are usually classified based on their
secondary structures, with a large subgroup consisting of linear
peptides that adopt an amphipathic α-helix upon contact with a
membrane, such as most cathelicidins14 and magainins.15

Another subgroup includes AMPs that consist of β-sheet
structures that are stabilized by disulfide bonds, such as
defensins16−18 and protegrins.19 Other peptides form extended
structures that are dominated by a few amino acids, like the
tryptophan-rich indolicidin20 and the proline- and arginine-rich
PR-39.21

In general, AMPs function by disrupting the integrity of
bacterial cell membranes, which leads to depolarization,
leakage, and cell death.8,9 Membrane destabilization by AMPs
is believed to be a consequence of their cationic and
amphipathic nature, which promotes interactions between the
peptide and the cell membrane. More specifically, electrostatic
interactions between the polar/cationic residues of the AMP
and the anionic membrane surface cause peptide−membrane
attraction and binding. After adsorption of the AMP onto the
membrane, hydrophobic interactions between the hydrophobic
residues of the peptide and the bilayer interior perturb packing
of the membrane lipids.8−10,22,23 Together, this combination of
interactions leads to membrane disruption that can manifest in
a variety of ways, including pore formation,22,24−26 bleb-
bing,27,28 budding,29 and vesicularization.30 It is important to
note that peptide concentrations in vivo can be several orders
of magnitude greater than those shown to induce membrane
disruption in vitro.16,31 Accordingly, these peptides potentially
have greater capacity for membrane disruption than what has
been demonstrated in experiments. In addition, increasing
evidence indicates that certain AMPs utilize alternative modes
of action, such as translocating across the cell membrane to
interact with intracellular targets and consequently interfering
with cellular processes. For example, indolicidin is able to
permeabilize membranes without causing cell lysis. Instead, it
kills bacteria by binding to DNA and inhibiting DNA
synthesis.32 Although in such cases, membrane permeabiliza-
tion alone may not achieve bacterial killing, it is still necessary
in order for the AMP to reach its cytosolic targets.
While the membrane-disruptive function of AMPs is critical

in defending against bacterial infections, more recent studies
have also found that the role of AMPs in host defense is not
limited to operating as direct microbicides. In fact, many AMPs
have been discovered to also function in modulating the
immune response, which can occur through activities such as
inducing chemotaxis and chemokine production, inhibiting pro-
inflammatory cytokine production, and modulating TLR-
dependent inflammatory responses.

2.1.1. Chemotactic Activity. Some AMPs have exhibited
functions outside of membrane activity, and can directly recruit
leukocytes or induce the expression of cytokines/chemokines,
which can in turn indirectly recruit effector cells, including
neutrophils, monocytes, macrophages, immature dendritic cells
(DCs), and T cells. For instance, both human α- and β-
defensins are chemotactic for memory T cells and immature
DCs, which is believed to occur through interactions with the
G-protein-coupled receptor CCR6.33,34 Human α-defensins
HNP-1 and HNP-2 display chemotactic activity that mediates
recruitment of monocytes to sites of inflammation,35 while
human β-defensins HBD-3 and HBD-4 are reported to be
chemotactic for monocytes and macrophages,36 and HBD-2 has
chemoattractant activity for mast cells.37 Cathelicidins have
similarly been found to exert chemotactic activity. For humans,
LL-37 is chemotactic for neutrophils, monocytes, and T cells.
In some cases, its chemotactic activity, such as for human
blood-derived monocytes and T cells, is mediated by the G-
protein-coupled formyl peptide receptor-like 1 (FPRL-1).38

Cathelicidins from bovine, human, mouse, and pig are
chemotactic for nearly all subsets of peripheral blood
cells.39−41 Granulysin, an AMP that is released by cytotoxic T
cells and NK cells, exhibits potent broad-spectrum antimicro-
bial activity against both Gram-positive and Gram-negative
bacteria.42,43 In addition to its microbicidal activity, granulysin
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also has demonstrated chemotactic activity toward monocytes,
memory T cells, NK cells, and mature dendritic cells.44

AMPs have also been shown to have indirect chemotactic
effects by stimulating the production of cytokines and
chemokines from a range of cell types via receptor-dependent
mechanisms.33,45 LL-37 induces release of IL-6, IL-8, TNF-α,
and granulocyte-macrophage colony-stimulating factor, and IL-
1β in human keratinocytes,46 and enhances the IL-1β-induced
secretion of cytokines IL-6, IL-10, and chemokines MCP-1 and
MCP-3 in human peripheral blood monocytes.47 Its induction
of IL-8 secretion then promotes the chemotaxis of neutrophils
and release of LL-37 at high concentrations.48 HBD-2, HBD-3,
HBD-4, and LL-37 interact with G-protein-coupled receptors
and increase expression of IL-6, IL-10, IP-10, MCP-1, MIP-3α,
and RANTES in human keratinocytes.49 Furthermore, despite
their structural differences, both human β-defensins and LL-37
have been found to exhibit similar effects on the activation of
the ERK mitogen activated protein kinase (MAPK) pathway to
stimulate pro-inflammatory cytokine production in epithelial
cells.49,50 Likewise, granulysin activates monocytes and U937
cells to secrete proinflammatory cytokines, such as TNF-α,
MCP-1, MCP-3, MIP-1β, RANTES, IL-1, IL-6, IL-10, and IFN-
γ.44

2.1.2. Inhibition of Pro-Inflammatory Cytokines. AMPs can
also suppress certain cellular responses to inflammatory stimuli
in order to offer protection against potentially lethal effects. For
example, LL-37 can inhibit the secretion of pro-inflammatory
cytokines induced by bacterial endotoxins, such as lip-
opolysaccharide (LPS) and lipoteichoic acid (LTA), to protect
against endotoxemia.51−53 It has been further proposed that
LL-37 is able to bind and neutralize the endotoxins before they
can trigger inflammation.53−56 Similar protective effects against
LPS-induced cytokine production have been observed for
defensins and other cationic peptides.57

2.1.3. Modulation of TLR-Dependent Inflammatory
Responses. Toll-like receptors (TLRs) are widely expressed
pattern-recognition receptors (PRRs) that detect signature
pathogen-associated molecular patterns (PAMPs) from micro-
organisms and trigger inflammatory responses. These TLR-
dependent inflammatory responses have been shown to be
modulated by AMPs. Previous work has found that in allergic
contact dermatitis, cathelicidins downregulate inflammation by
inhibiting TLR4-mediated induction of cytokines in DCs, as
well as inhibiting TLR4-induced DC maturation, which
includes inhibiting the upregulation of costimulatory molecules
CD40, CD80, and CD86.58 As described above, LL-37 can
suppress the endotoxin-stimulated production of pro-inflam-
matory cytokines. This anti-inflammatory effect has been
attributed to the inhibition of LTA-induced TLR2 activation
and LPS-induced TLR4 activation.51,57

Alternatively, the effects of LL-37 exposure on TLR
responses can also be pro-inflammatory. For instance, LL-37
is able to significantly enhance the flagellin activation of TLR5
in keratinocytes,59 as well as TLR activation by nucleic acids,
namely TLR9 by DNA,60−62 TLR3 by double-stranded RNA
(dsRNA),63,64 and TLR7/TLR8 by single-stranded RNA
(ssRNA).65 In particular, LL-37 has been found to complex
with the DNA and RNA ligands via electrostatic interactions,
which triggers TLR activation and secretion of pro-inflamma-
tory cytokines. In fact, this phenomenon has been observed to
occur across a wide range of molecules, including other AMPs.
High-resolution structural studies using small-angle X-ray
scattering (SAXS) showed that cationic molecules can form

columnar nanocrystalline complexes with dsDNA and dsRNA
that amplify TLR9 and TLR3 activation, respectively, the
degree of which is quantitatively correlated with the measured
spacing between the nucleic acid columns of the com-
plexes.64,66,67 Depending on the identity of the cationic
molecule, this spacing parameter will vary. However, an optimal
spacing was found to exist for both DNA and RNA that
resulted in the strongest amplification of TLR-dependent
cytokine production. Most strikingly, this spacing approx-
imately matches the steric size of the TLR studied, suggesting
that multivalent intercalative ligand−TLR binding is involved in
amplifying TLR activation and cytokine production.68

2.2. Immune-Signaling Molecules. While AMPs in
general can exert their antimicrobial effects through direct
membrane-disruptive activity, we have highlighted a number of
complementary alternative functions of AMPs that can
selectively modulate the immune defense responses against
bacterial infections. The next question to ask is whether the
opposite also applies, in which traditionally recognized
immune-signaling molecules function as antimicrobial agents
via membrane destabilization. Increasing evidence over recent
years indicates that many of such molecules do indeed display
direct bactericidal activity, which then suggests that they could
have been classified as AMPs if this was their initially identified
function. Interestingly, many of these immune molecules
feature structural and compositional attributes that are common
to AMPs.
For instance, the “kinocidins” constitute a class of chemo-

kines, small secretory cytokines involved in chemotaxis, that
have been discovered to possess direct microbicidal activity
complementary to their ability to modulate inflammatory
responses.69−73 In fact, many chemokines contain a β-sheet rich
“γ-core” motif that also exists in classical AMPs such as
defensins,71,73,74 as well as cationic charge and amphipathic-
ity.72,74 Moreover, many of these immune signaling molecules
have structures that also integrate modular domains of α-helices
and β-sheets, which parallel those of AMPs. Collectively, these
similarities point to evolutionary conservation of membrane-
disruptive motifs that provide additional functionality and
increased efficacy of host defense against pathogens. In
addition, the chemotactic activity of certain AMPs further
suggests functional reciprocity between chemokines and AMPs.
Chemokines are classified into four groups based on conserved
N-terminal cysteine motifs: CXC, CC, C, and CX3C.

75

Examples of kinocidins include platelet factor 4 (PF-4), also
known as platelet chemokine (CXC motif) ligand 4
(CXCL4),72,76 platelet basic protein (PBP),77 several IFN-γ-
inducible CXC chemokines,78 and interleukin-8 (IL-8), also
called chemokine (CXC motif) ligand 8 (CXCL8), one of the
most well-characterized and recognized for its role in
neutrophil chemotaxis. Despite its similarity to other
kinocidins, IL-8 was only recently identified to have direct
antimicrobial activity.71,79 Although most cytokines that have
been found to possess direct antimicrobial activity are
chemokines, bactericidal interleukins and interferons also
exist. For instance, interleukin-26 (IL-26), a human Th17
cell-derived cytokine, was shown to kill bacteria by porating
their membranes, while also being able to form complexes with
both bacterial and self-DNA to activate TLR9 and induce
production of pro-inflammatory cytokines.80,81 Another study
demonstrated that type I interferon-β (IFN-β), which is most
known for its role in the immune response against viral
infections,82 can also directly kill Gram-positive bacteria, such
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as Staphylococcus aureus, via membrane permeabilization.83 This
result supports the accumulating evidence that points to the
involvement of type I IFNs in host response to bacterial
infections,84−86 along with viral infections. Most striking is that
the structures of both IL-2681 and IFN-β83 contain domains
with amphipathic α-helices rich in cationic residues, which are
classic attributes of many membrane-disruptive AMPs, and thus
believed to confer antimicrobial activity to the two cytokines.
Taken together, these findings reveal a previously unrecognized
role for cytokines in host defense against bacterial infections
that involves direct membrane activity, distinct from their
established immune signaling functions.

3. DIVERSITY OF MEMBRANE-ACTIVE
MULTIFUNCTIONAL PROTEINS

The selected examples above illustrate the involvement of
immunity molecules in multiple biological functions. In general,
one of these is often direct membrane disruption that ultimately
results in antimicrobial effects. However, protein multi-
functionality that encompasses such direct membrane activity
is not limited to immune proteins, and certain proteins may
also exert membrane-disruptive and immunomodulatory effects
in addition to their other known functions (Figure 1).
3.1. S100 Family. The S100 family of EF-hand calcium-

binding proteins regulate a wide range of intracellular and
extracellular functions, including proliferation, differentiation,
apoptosis, metabolism, and autocrine and paracrine signaling.87

Collectively, they have been discovered to exert alternative
functionality as immunomodulators and direct microbicides.
Several members of the family, namely S100A8, S100A9, and
S100A12, have been reported to produce pro-inflammatory
effects and are implicated in a variety of inflammatory
conditions, such as psoriasis, arthritis, and chronic inflammatory
bowel disease.88−90 Studies have specifically found that both
S100A891 and S100A1292 can modulate host immune
responses through TLR4 activation, and that S100A12 also
exhibits chemotactic activity for monocytes.93 Furthermore,
members of the S100 family are characterized by helix-rich
structures and have been described to interact with lipids. With
structural similarity to membrane-active antimicrobial mole-
cules, it is not surprising that S100A794 and S100A1292 have
the capacity to kill bacteria through membrane permeabiliza-
tion.
3.2. RNase A Superfamily. The ribonuclease (RNase) A

superfamily has been intensively studied and consists of
vertebrate RNase homologues to bovine pancreatic ribonu-
clease (RNase A).95 Despite a wealth of information on the
structural and chemical properties of RNase A family members,
most of their biological functions remain unclear. In addition,
members of the RNase A superfamily exhibit considerable
sequence divergence, with identities that range from 20% to
nearly 100%.96 In humans, eight RNases have been identified,
including several that are antimicrobial.96 Among these, RNase
3 and RNase 7 are two representative members with well-
characterized bactericidal activity against a variety of pathogens.
These antimicrobial RNases are small, highly cationic, and
share the common RNase A structure and key residues required
for their enzymatic function. However, evidence indicates that
their bactericidal activity is associated with membrane
disruption and do not depend on their conserved catalytic
RNase activity.96−99

Eosinophil cationic protein (ECP), a member of the RNase
A superfamily and also known as RNase 3, is one of the major

granule proteins secreted from activated eosinophils. Eosino-
phils have been implicated in bacterial infections and
inflammation, as well as in immunoregulation and tissue
remodeling.100,101 Remarkably, ECP is a single-chain cationic
polypeptide that displays potent, broad-spectrum bactericidal
activity against both Gram-positive and Gram-negative strains,
which is believed to occur through a mechanism of action
involving membrane disruption and pore formation.102−104

ECP has specifically been shown to permeabilize the
membranes of Escherichia coli, S. aureus, and Mycobacterium
vaccae and create pores in lipid vesicles.97,102−106 Recent studies
have attributed its antimicrobial activity to an N-terminal
domain that bears striking structural and chemical similarity to
AMPs, such as adopting an α-helical conformation and having a
net positive charge due to a high number of arginine
residues.105 In fact, both hydrophobic and cationic residues
have been found to play key roles in the membrane-disruptive
bactericidal activity of ECP by promoting protein binding and
insertion into lipid bilayers.104,107 Aside from exerting
antimicrobial effects, ECP has also been reported to participate
in immunomodulation and inflammation in asthma and allergic
diseases.108,109

Figure 1. Diagram illustrating diversity among membrane-active
proteins and peptides. While bactericidal (red region), cell-penetrating
(blue region), and membrane fusion- and fission-mediating (violet
region) proteins and peptides are highly diverse, their functions often
involve the ability to directly destabilize membranes (gold region). Of
particular interest are membrane-active multifunctional proteins
(green hashed region), which are those generally recognized for
having other main functions (green region) in addition to roles
associated with membrane-destabilizing activity. Thus far, the relatively
low number of proteins identified as multifunctional has been
attributed to the serendipitous nature of their discovery. However,
newly developed machine-learning tools allow for systematic large-
scale exploration of new and existing protein taxonomies to uncover
additional membrane-active multifunctional proteins. Proteins and
peptides in bold have been shown to generate negative Gaussian
curvature (NGC) using SAXS experiments. Specific cytokines (dashed
magenta circle) and neuropeptides (dashed cyan circle) that have been
identified to be antimicrobial are also indicated. Table S1 provides
references for the proteins and peptides shown here.
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RNase 7 is expressed in epithelial tissues and has similarly
been described to exhibit both broad-spectrum antimicrobial
activity and RNase activity. Along with other skin-derived
AMPs, RNase 7 is considered one of the main components of
the host defense against cutaneous infections.96,110 Notably,
RNase 7 has been shown to be effective against both Gram-
positive (S. aureus, Staphylococcus saprophyticus, Propionibacte-
rium acnes, Enterococcus faecalis, vancomycin-resistant Enter-
rococcus faecium) and Gram-negative bacteria (E. coli,
Pseudomonas aeruginosa, Klebsiella pneumonia, Proteus mirabi-
lis).110,111 Like ECP, the bactericidal activity of RNase 7 has
been associated with its capacity to bind and permeate
membranes, with surface clusters of positively charged lysine
residues playing a crucial role.98 Interestingly, the exposure of
keratinocytes to bacteria induces RNase 7 expression, a
response that has been observed for other epithelial AMPs
such as HBD-2, HBD-3, and HBD-4.110

These findings together suggest that ECP and RNase 7 share
a common bactericidal mechanism of action involving
membrane disruption. While both proteins are cationic with
an abundance of arginine and lysine surface-exposed residues
and display broad antimicrobial activity against Gram-positive
and Gram-negative bacteria, they only share 40% sequence
identity. Indeed, members of the RNase A superfamily exhibit
extensive diversity, despite all having conserved catalytic RNase
activity. The antimicrobial properties of ECP and RNase 7
therefore not only support the role of RNase A family members
in host defense, but also underscore the multifunctional
diversity that exists within the superfamily.

4. GENERAL PHYSICOCHEMICAL AND STRUCTURAL
PROPERTIES OF MEMBRANE-ACTIVE PEPTIDES

While the antimicrobial activity of AMPs via membrane
destabilization has been ascribed to their shared fundamental
amphipathic motif, a large body of work has further examined
how specific physiochemical properties and amino acid
sequence composition can contribute to their bactericidal
activity. In general, these factors influence the electrostatic and
hydrophobic peptide−membrane interactions that overall
determine AMP activity.
Among α-helical AMPs, for example, which constitute the

largest and most extensively studied group of AMPs, those with
higher cationic charge typically have greater affinity to more
negatively charged bacterial membranes and therefore tend to
be more selective for bacterial over mammalian cells.9,112

Accordingly, increased cationic charge, to a certain degree, has
been demonstrated to enhance both antimicrobial activity and
selectivity.113−115 Studies have also similarly shown that
increased hydrophobicity can increase bactericidal activity,
however, at the expense of selectivity.116,117 These findings
suggest that an optimal balance of charge and hydrophobicity
exists for maximal antimicrobial efficacy. Not only is the overall
hydrophobicity important for antimicrobial activity, but addi-
tional properties such as the hydrophobic moment, often
described as amphipathicity, and the angle subtended by
hydrophobic helix face also correlate with bactericidal
activity.118,119 For instance, helical AMPs generally feature a
wide hydrophobic face and a narrow polar face, which allow
them to penetrate into the membrane interior and disrupt lipid
packing.120 In fact, increasing the bulkiness or the angle
subtended by the hydrophobic face enhances the ability of the
AMP to disrupt membranes and induce lysis.113,118,121

Further investigation into the relationship between charge
and hydrophobicity included a compositional analysis of over
1080 cationic helical AMPs from the antimicrobial database.122

This study identified a positive correlation between NK/(NK +
NR) (the ratio of the number of lysines to total number of
lysines and arginines) and the average peptide hydrophobicity
based on the Eisenberg consensus scale.112,123 Because
membrane disruption is the general mechanism for AMPs,
this relationship is informative about the relative amounts of
arginine, lysine, and hydrophobicity that are needed on average
to confer membrane activity to a helical peptide. We point out
that a corollary of this argument is that membrane activity
underdetermines the full sequence of an AMP, so that
additional functions can be encoded into the same sequence.
Although the actual process of membrane disruption by an

AMP depends on the specific peptide and target membrane,
AMPs have been found to destabilize membranes through a
range of modes such as pore formation,22,24−26 blebbing,27,28

budding,29 and vesicularization.30 Interestingly, the generation
of saddle-splay membrane curvature, also known as negative
Gaussian curvature (NGC), is topologically required for all of
these membrane-destabilizing processes (Figure 2).124 This

type of membrane curvature is characterized by a surface that
bends upward in one direction and bends downward in the
orthogonal direction. Recent work using SAXS measurements
reported that the ability of AMPs, both α-helical and β-sheet
peptides, to disrupt and permeabilize bacterial membranes is
correlated with their capacity to induce NGC in lipid
bilayers.112,123,125 The generation of NGC by AMPs is believed
to arise from the combination of distinct membrane curvature
effects produced by the electrostatic and hydrophobic peptide−
membrane interactions.112,123 While the ability to generate
NGC has also been observed for AMP mutants112,125 and
synthetic AMP mimics,126−129 it is not limited to antimicrobial
agents. For many other molecules with functions that involve
membrane destabilization, a strong correlation has also been
found between NGC generation and their activity. For instance,
the induction of NGC is also exhibited by a range of cell-
penetrating peptides (CPPs), a cognate class of molecular pore

Figure 2. Negative Gaussian curvature (NGC). NGC manifests in a
variety of membrane-remodeling processes, including (A) along the
interior of a transmembrane pore, (B) at the bases of blebs, and (C) at
the necks of buds. (D) NGC is also known as saddle-splay curvature
due to the shape of its surface, which bends upward in one direction
and downward in the orthogonal direction (red arrows). (E) A cross-
section of a transmembrane pore depicts its curved inner surface that is
characterized by NGC. The directions of the curvatures along the
membrane surface that together create NGC are represented by red
arrows.
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formers.130−132 CPPs are short peptide sequences capable of
efficient translocation across cell membranes, while remaining
nonlytic.133,134 Due to this unique ability, CPPs are routinely
utilized for mediating the intracellular delivery of attached
macromolecules. Most CPPs are cationic, with the arginine-rich
CPPs, such as the peptide derived from the human
immunodeficiency virus (HIV-1) transactivator of transcription
(TAT) protein,131,135,136 being the most widely studied. Some
CPPs can also adopt amphipathic structures, as seen with
penetratin.132,137 While their exact mechanism remains
controversial, evidence indicates that cellular uptake of CPPs
can involve more than one pathway,138−140 such as direct
translocation141−143 and endocytosis.144,145 Nonetheless, for
any of these modes of action, membrane destabilization must
occur for CPPs to enter cells. Consistent with the trend
identified for AMPs, CPPs can also generate NGC in lipid
membranes.130−132,146 In addition to AMPs and CPPs, other
peptides directly involved in membrane-remodeling processes
have also been shown to induce this specific type of
destabilizing membrane curvature, including viral budding
peptides147 and viral fusion peptides.148

5. DISCOVERY OF COMPLEMENTARY MEMBRANE
ACTIVITY IN DIVERSE PROTEINS AND PEPTIDES

The ability to generate NGC has been observed for a diverse
range of proteins and peptides associated with membrane-
remodeling activity, which collectively suggests that the
generation of NGC is a common root mechanism for
membrane-destabilizing processes.
Furthermore, the detection of NGC-generating ability in

other proteins and peptides can point to the existence of
complementary membrane-destabilizing activity that has not
been previously recognized or associated with their established
function. Indeed, some proteins are now described as
multifunctional due to recent discoveries of their additional
antimicrobial activity. IFN-β, a cytokine known for its role in
antiviral defense,82 was found to be directly antimicrobial
against Gram-positive bacteria.83 Experiments demonstrated
that the microbicidal activity of IFN-β stems from its ability to
bind and permeabilize bacterial membranes. Remarkably, an α-
helical domain of the cytokine closely resembles classical
membrane-disruptive AMPs with respect to amino acid
composition, amphipathicity, cationic charge, hydrophobicity,
and the ability to generate NGC in membranes. S100A12 is
another example in which AMP-like sequences exhibit
bactericidal activity. As a member of the S100 family of
calcium-binding proteins, this host-defense protein is associated
with the inflammatory response and mediates a variety of
cellular processes.87 S100A12 has been reported to display
antimicrobial activity against bacteria.92,149 Interestingly, the
structure of S100A12 contains multiple α-helices characterized
by cationic charge and amphipathicity. Compositional analysis
further revealed that the amino acid content of S100A12
follows the sequence trend of known membrane-disruptive
helical AMPs and fulfills the criterion for NGC generation.92,123

The newly discovered antimicrobial activities of IFN-β and
S100A12 are only a sample of the functional diversity that exists
within the realm of immunity proteins, and together suggest
that far more proteins with multiplexed functionalities remain
unidentified.
As we have observed, the membrane-disruptive bactericidal

activity of AMPs depends on a variety of factors, many of which
are closely related and may be interdependent.150 Due to this

complexity, simple correlations between AMP activity and
individual peptide properties are unlikely. In light of this, we
expanded upon our earlier work, which identified correlations
between amino acid composition and hydrophobicity in
membrane-disruptive AMPs as well as between membrane-
destabilizing effects and NGC generation, to develop a
machine-learning algorithm that effectively predicts the
membrane-destabilizing and NGC-generating capacities of a
peptide based on its sequence and associated physicochemical
properties.

6. DISCOVERING MEMBRANE-ACTIVE PEPTIDES AND
PROTEINS USING MACHINE LEARNING

Given the sequence and structural diversity of membrane-active
peptides and proteins, it is difficult to detect hidden membrane
activity without direct empirical testing, apart from homology
searches and sequence/structural alignments. However, the
emergence of quantitative structure−activity relationship
(QSAR) computational tools has enabled large scale in silico
screening of genomes for membrane-active peptides and
proteins. For example, many QSAR methods have been applied
to discover and design membrane-active AMPs, a prototypical
class of membrane-active peptides.151−155 Recently, a support
vector machine (SVM)-based machine-learning tool was
developed to identify peptide sequences that generate NGC
in membranes.156−158 The SVM was trained on a database of
experimentally validated α-helical AMPs122,159,160 and decoy
non-AMP α-helical peptides.161 Based on 12 physicochemical
descriptors most predictive of antimicrobial activity, the
machine-learning tool takes a peptide sequence as input, and
outputs a prediction of antimicrobial activity. Additional
calibrating SAXS experiments on model membranes identified
a relationship between the machine-learning classification
metric (σ) and the ability of a peptide sequence to induce
negative Gaussian membrane curvature.156 This machine-
learning tool not only can guide the design of new synthetic
membrane-active peptides for therapeutic purposes, but also
allows us to probe the sequence space for previously
unrecognized underlying membrane activity in new and existing
protein taxonomies (Figure 3). In fact, the machine-learning
classifier has successfully predicted membrane activity in
neuropeptides, viral fusion proteins, endocytosis/exocytosis
machinery, and mitochondrial fission proteins, among many
others.156 Because of the serendipitous nature of multifunc-
tional protein discovery, the number of proteins that have been
identified and characterized as such is not high. However, this
newly developed machine-learning tool now enables a system-
atic large-scale in silico approach for discovering protein
sequences with membrane activity.
The machine-learning classifier has correctly predicted

membrane-destabilizing activity in sequences contained within
proteins that have been generally associated with other
activities. These include cytokine IFN-β,83 mitochondrial
fission protein Dnm1,162 and the influenza A virus M2
protein.147 IFN-β consists of a six-helix bundle tertiary structure
stabilized by cysteines. Electrostatic surface potential calcu-
lations revealed that several component helices of IFN-β are
cationic and amphipathic, similar to canonical helical AMPs.83

Using a moving window scan, the component helices of IFN-β
were screened for membrane activity using the machine-
learning classifier, which predicted helix 4 of IFN-β to possess
antimicrobial activity with high probabilities (σ = 0.95, P(+1) =
0.960). This finding is consistent with SAXS measurements that
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showed the ability of the helix to induce NGC in model
membranes and antimicrobial assays that demonstrated its
membrane-disruptive microbicidal activity against Gram-pos-
itive bacteria.83

Dnm1 is a cytosolic dynamin-related GTPase that plays a key
role in the regulation of yeast mitochondrial fission.163 The
current model describes Dnm1 purely as a molecular motor,
forming spirals that wrap around mitochondria and constrict
upon GTP hydrolysis to ultimately cause pinching and scission
of the mitochondrial membrane. Using the machine-learning
classifier, an N-terminal helix of Dnm1 was predicted to have
membrane-destabilizing activity.162 SAXS experiments also
found this specific helix to have the capacity to generate
NGC in model mitochondrial membranes and promote the
formation of fission necks narrower than could be achieved
with simply mechanical pinching.162 These results together
suggest that Dnm1 catalyzes mitochondrial fission through the
combination of mechanical constriction and synergistic
membrane-remodeling activity. Machine-learning analysis of
33 phylogenetically clustered Dnm1 relatives further revealed
that many members within the dynamin superfamily had

evolved the capacity to generate NGC and destabilize
membranes.
Recent efforts have identified an additional function of the

influenza A virus M2 protein in directly inducing membrane
curvature that promotes viral budding activity. During the viral
replication cycle, viral components assemble to form progeny
virions that bud at the plasma membrane of the infected host
cell, thereby spreading infection. The budding of enveloped
viruses is a complex process that involves the extrusion of the
membrane and scission of the bud to release the virion from the
former host, which are steps that require organized membrane
remodeling with localized regions of high membrane curvature.
While many enveloped viruses, such as HIV-1 and the Ebola
virus, hijack the host endosomal sorting complex required for
transport (ESCRT) machinery to facilitate membrane scission
and budding virion release,164−166 studies have suggested that
the influenza virus is able to undergo budding via an ESCRT-
independent mechanism.165,167 The M2 protein from the
influenza A virus is a multifunctional protein that forms a
homotetramer in the membrane to function as a proton-
selective ion channel168,169 and plays a variety of roles during
the life cycle of the virus.170−172 For instance, in vitro and in
vivo experiments have revealed that the M2 protein mediates
budding and virion release from cells.173,174 Interestingly, the
predominant localization of M2 at the necks of budding virions
points to its ability to directly induce the specific types of
membrane curvature that facilitate budding and membrane
scission.173,175 Indeed, results from SAXS measurements of M2-
induced membrane deformations showed that the protein
generates NGC in model membranes.147 Consistent with its
role in promoting the final pinching off of a budding virion, the
quantitative amount of NGC induced by M2 can produce a
scission neck with a diameter that is ten times smaller than the
diameter of a spherical budding virion.147 Remarkably, the
generation of NGC by M2 is largely conferred by its
cytoplasmic C-terminal amphipathic helix, which has been
shown using electron microscopy,173 SAXS measurements,147

and machine-learning classifier156 predictions (σ = 1.63, P(+1)
= 0.996). More specifically, the C-terminal amphipathic helical
domain of M2 alone is sufficient to generate NGC, however, to
a lesser extent than the full-length protein.147 This finding
indicates that other regions of the M2 protein affect curvature
generation, which further suggests that cross-talk between
different domains within multifunctional proteins is likely
involved in achieving maximal protein activity.
The examples presented here demonstrate that the machine-

learning classifier is a powerful tool that can efficiently and
accurately detect membrane activity, and therefore, can enable
the discovery of membrane-active multifunctional proteins that
have so far been primarily recognized for other functions.

7. DESIGN OF SYNTHETIC MULTIFUNCTIONAL
MOLECULES

The ability to design in membrane-disruptive activity allows for
the creation of new multifunctional molecules and provides
many opportunities for future therapeutics. It is important to
note that the potential influence of cross-talk between domains
on the activity of a whole protein presents significant
implications for engineering multifunctional proteins, peptides,
and their derivatives. On these grounds, we look to nature for
guidance. What can we learn from existing multifunctional
proteins as products of natural bioconjugation? It would make
sense that the most efficient and optimized synthetic designs

Figure 3. Machine learning discovers hidden NGC-generating activity
in proteins with diverse primary functions. (A) A machine-learning-
based Monte Carlo search of the undiscovered peptide sequence space
reveals sequences in existing peptides and proteins with the ability to
remodel membranes.156 (B) Dnm1 is a molecular motor GTPase that
also generates NGC to facilitate mitochondrial fission.162 (C) IFN-β is
a pleiotropic, immunomodulatory cytokine that exhibits direct
antimicrobial activity and NGC generation.83 (D) Influenza A M2
protein is a proton-selective ion channel that also generates NGC to
enable viral budding and scission.147 All figure panels are reproduced
with permission from their respective sources.
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would be those that best emulate nature’s approach to
incorporating multifunctionality into proteins: maximizing
usage of the whole molecule to integrate each individual
functionality, rather than simply joining multiple modular
domains that each have a discrete function (Figure 4).

Taking these factors into consideration, we aimed to create a
multifunctional molecule by hybridizing two separate com-
pounds with different functions. More specifically, this strategy
was applied in re-engineering conventional antibiotics to target
bacteria that have low metabolic activity, known as persisters,
which are often tolerant to common antibiotic treatments and
play a role in antibiotic resistance.176−181 Aminoglycoside
antibiotics, such as tobramycin, target bacterial ribosomes to
block protein synthesis. This class of antibiotics has limited
effectiveness against persisters, which have diminished mem-
brane permeability due in part to decreased uptake activity in
their low metabolic state. Reduced uptake activity limits the
cellular accumulation of drug and consequently decreases
susceptibility of the cell to the antibiotic, in turn promoting the
development of bacterial resistance to aminoglycosides.
Augmenting the membrane permeability of aminoglycosides
provides a means to improve their efficacy against persister cells
and resistant strains of bacteria. This can be accomplished by
conjugating the antibiotic with a short peptide transporter
sequence that promotes rapid membrane penetration. The
specific design of the transporter sequence is informed by
previously established sequence principles for peptides that
disrupt and permeate membranes via destabilizing curvature
generation.112,123,131,132 For example, the conjugation of a 12-
amino-acid peptide sequence derived from the CPP pene-
tratin182 with the aminoglycoside tobramycin formed the
antibiotic−peptide hybrid Pentobra.179−181 The compositional
contributions from both tobramycin and peptide components
of Pentobra together achieve the appropriate proportions of
cationic and hydrophobic groups to effectively generate NGC
and penetrate cell membranes.179 By enabling the efficient
cellular delivery of aminoglycoside tobramycin, which alone can
have limited cell uptake, this hybrid molecule thus displays

multifunctionality by integrating two mutually amplifying
bactericidal functionalities: disruption of membrane integrity
and inhibition of protein synthesis.

8. CONCLUSIONS AND OUTLOOK
In principle, antimicrobial/membrane activity can be grafted
onto existing proteins with other functions in a number of
ways. The first order solution is to simply conjugate a known
membrane-active peptide onto another domain with a different
primary function using a covalent linker with conventional
bioconjugate chemistry. However, we believe this process can
be improved by combining a machine-learning approach with
directed evolution or computational protein design method-
ologies, such as Rosetta. A recent paper utilized a computa-
tional method to combine cell-penetrating, DNA-binding,
pheromone, and antimicrobial activities into one domain.183

The growing number and diversity of identified proteins with
multifunctionality suggests that it is a general phenomenon that
exists in all kingdoms of life. Expanding our knowledge of
protein multifunctionality and its evolution may potentially
allow for the selective inhibition or introduction of distinct
functions, and thus presents new opportunities for future
molecular engineering. The examples shown here illustrate that
methods based on machine learning and artificial intelligence
can be helpful for informing our understanding of how diverse
functions are multiplexed into a single sequence, with
implications for the deterministic design of multifunctional
molecules.
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Figure 4. Design of multifunctional molecules. A simple approach to
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components that each have a separate function. For example,
component X, depicted here as a red sphere, can be directly
conjugated to a second component Y, represented by a blue cylinder,
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modular domains. Alternatively, hybridizing the two components X
and Y to create one compound XY (violet spherocylinder, lower right)
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domain is a strategy that more closely mimics the design of natural
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Shogan, J., Anderson, M., Schröder, J. M., Wang, J. M., Howard, O. M.
Z., et al. (1999) β-Defensins: Linking Innate and Adaptive Immunity
Through Dendritic and T Cell CCR6. Science 286, 525−528.
(35) Territo, M. C., Ganz, T., Selsted, M. E., and Lehrer, R. (1989)
Monocyte-chemotactic activity of defensins from human neutrophils. J.
Clin. Invest. 84, 2017−2020.
(36) Yang, D., Biragyn, A., Kwak, L. W., and Oppenheim, J. J. (2002)
Mammalian defensins in immunity: more than just microbicidal.
Trends Immunol. 23, 291−296.
(37) Niyonsaba, F., Iwabuchi, K., Matsuda, H., Ogawa, H., and
Nagaoka, I. (2002) Epithelial cell-derived human β-defensin-2 acts as a
chemotaxin for mast cells through a pertussis toxin-sensitive and
phospholipase C-dependent pathway. Int. Immunol. 14, 421−426.
(38) Yang, D., Chen, Q., Schmidt, A. P., Anderson, G. M., Wang, J.
M., Wooters, J., Oppenheim, J. J., and Chertov, O. (2000) LL-37, the
Neutrophil Granule- And Epithelial Cell-Derived Cathelicidin, Utilizes
Formyl Peptide Receptor-Like 1 (Fprl1) as a Receptor to Chemo-
attract Human Peripheral Blood Neutrophils, Monocytes, and T Cells.
J. Exp. Med. 192, 1069−1074.
(39) Bowdish, D. M. E., Davidson, D. J., Scott, M. G., and Hancock,
R. E. W. (2005) Immunomodulatory Activities of Small Host Defense
Peptides. Antimicrob. Agents Chemother. 49, 1727−1732.
(40) Kurosaka, K., Chen, Q., Yarovinsky, F., Oppenheim, J. J., and
Yang, D. (2005) Mouse Cathelin-Related Antimicrobial Peptide
Chemoattracts Leukocytes Using Formyl Peptide Receptor-Like 1/
Mouse Formyl Peptide Receptor-Like 2 as the Receptor and Acts as an
Immune Adjuvant. J. Immunol. 174, 6257−6265.
(41) Ohgami, K., Ilieva, I. B., Shiratori, K., Isogai, E., Yoshida, K.,
Kotake, S., Nishida, T., Mizuki, N., and Ohno, S. (2003) Effect of
Human Cationic Antimicrobial Protein 18 Peptide on Endotoxin-
Induced Uveitis in Rats. Invest. Ophthalmol. Visual Sci. 44, 4412−4418.
(42) Stenger, S., Hanson, D. A., Teitelbaum, R., Dewan, P., Niazi, K.
R., Froelich, C. J., Ganz, T., Thoma-Uszynski, S., Meliań, A., Bogdan,
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(107) Torrent, M., Cuyaś, E., Carreras, E., Navarro, S., Loṕez, O., de
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