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Abstract

Protein switches perform essential roles in many biological processes and are exciting targets

for de novo protein design, which aims to produce proteins of arbitrary shape and functionality.
However, the biophysical requirements for switch function — multiple conformational states,
fine-tuned energetics, and stimuli-responsiveness — pose a formidable challenge for design by
computation (or intuition). A variety of methods have been developed towards tackling this
challenge, usually taking inspiration from the wealth of sequence and structural information
available for naturally occurring protein switches. More recently, modular switches have been
designed computationally, and new methods have emerged for sampling unexplored structure
space, providing promising new avenues towards the generation of purpose-built switches and de
novo signaling systems for cellular engineering.

Introduction

Protein switches are ubiquitous and essential facilitators of biological function that link
input signals to output responses. Most broadly, signal transduction can be described as

a conformational response to some input perturbation that leads to a functional output
(Figure 1A). Inputs for biomolecular switches span diverse stimuli such as ligand binding,
environmental changes (e.g., temperature, pH), and post-translational modifications. Outputs
can also be diverse, including changes in oligomeric state, affinity for binding partners, and
the exposure or burial of functional sites. Structural responses range from subtle (e.g., shifts
in populations of conformational states, coupled rearrangements of sidechains) to striking
(e.g., involving large hinge-like motions of secondary structure elements or entire domains,
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and fold switching). The mechanisms underlying conformational coupling associated with
switching are typically intricate, with fine-tuned energetics to regulate the kinetics, dynamic
range, and specificity of the switch.

In nature, switches are employed as regulatory elements, mediators of energy conversion

in molecular machines, and drivers of mechanical mobility. This broad utility (but also
challenging functionality) of natural switches has rendered this class of proteins particularly
attractive as targets for de novo design. De novo design could generate “idealized” and
modular switches that can be more easily controlled and coupled to diverse in- and outputs.
Conceptually, the design of new switches includes (1) defining a switch mechanism, (2)
generating the desired endstates/conformational ensembles, (3) engineering an input to the
switch, and (4) tuning the energy landscapes underpinning switch function (Figure 1B).
We begin with a classification of switch mechanisms occurring in nature, then summarize
switches that have been designed (often inspired by natural switches, Table 1), and end
with a perspective for the future of designed switches, highlighting recent methodological
advances and unsolved challenges.

Natural switches

Allostery and local changes in geometry

Perhaps the most common mechanism of switching in nature are residue-level
conformational changes, often resulting in altered loop conformations or distinct spatial
orientations of secondary structure elements, that change specific geometries important
for function (Figure 2A). Although these changes are often subtle and relatively local,
they can have drastic functional consequences, resulting in the activation or inactivation
of enzymes, signaling domains, and receptors such as kinases [1], GTPases [2], and G-
protein coupled receptors (GPCRs) [3]. Perhaps counterintuitively, while dramatic global
topological changes have been designed successfully [4,5], bistable and more subtle local
conformational changes have yet to be realized in de novo design of functional switches.
It is precisely the level of subtlety that makes de novo switch design at this scale difficult
to achieve, as it is challenging to accurately capture the relatively small energy differences
between conformational states during computational design and structure prediction.

Fold switching

Metamorphic proteins undergo more dramatic structural changes, reversibly adopting two
different native topologies (identity and connectivity of secondary structure elements)
that have distinct biological functions (Figure 2B). Natural fold switch proteins such as
lymphotactin [6], KaiB [7], or Mdm2 [8] often have binding interfaces specific to one
fold, and are hence able to form favorable interactions in the presence of other proteins
upon fold switching. It may be possible to use this principle to engineer controllable
protein conformational switches by tuning the free energy difference between folds and their
binding interactions. Structural studies combined with ancestral sequence reconstruction
of lymphotactin have suggested how fold switching may have evolved through optimizing
intra-chain interactions for desired interconversion rates without trapping the protein in
either fold [9]. In contrast, there are also cases of irreversible fold switching driven by the
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strain associated with local sequence-structure incompatibility. One prominent example of
this mechanism is the conversion of influenza hemagglutinin from inactive to fusogenic
form [10]. Further investigation into the requisite energetic and mechanical transformations
of fold switching proteins should enable the design of new switches which either emulate
[11] or deviate significantly from switch mechanisms in natural examples.

Differential domain assembly

A third type of switching mechanism occurring in nature involves the rearrangement of
individual domains of larger multi-domain proteins (Figure 2C). Conformational changes

at this scale, where the moving parts largely behave as rigid bodies, are common in the
regulation of signaling proteins and often involve changes in interactions between catalytic
and auto-inhibitory domains [12]. For instance, if the catalytic site is physically obstructed
by a bound auto-inhibitory domain, activating inputs may cause conformational changes
that allow access to the active site. An example is the regulation of the SH2-containing
phosphatase 2 in which phosphorylation of the SH2 domain causes dissociation from the
phosphatase active site [13]. The broader principle of regulation of multi-domain assemblies
through domain rearrangements has been termed “modular allostery” [14] and has provided
ample inspiration for synthetic signaling systems [15] and protein-based biosensors [16].
Modular switch mechanisms can also be coupled to within-domain allosteric changes in the
catalytic domain conformation, as seen in Src family kinases [17], but this type of regulation
has not yet been engineered de novo.

Designed switches

Computational methodologies applied to switch design

Modern de novo protein design methods typically start with the construction of a

backbone structure with the desired topology/geometry [18]. Sidechain design is then
performed on this backbone (fixed or flexible) to optimize sequences predicted to fold

(7.e., adopt its lowest energy conformation) into that structure in accordance with Anfinsen’s
principle. This approach is only partially transferable to the de novo design of protein
switches, which instead must attempt to simultaneously design (1) multiple interconvertible
geometries, (2) at different local energy minima, (3) whose relative populations shift in
response to a stimulus, (4) with all of the requisite structural mechanics incorporated.
These requirements place additional demands on sampling, scoring, and our ability to
represent multi-state ensembles with controlled functionality and energetics. Thus, switch
design requires sampling over both sequence and structure space seeking single sequences
that simultaneously achieve all of the above properties, posing not only a formidable
combinatorial problem but also requiring high accuracy. Consequently, most designed
switches to date have borrowed heavily from nature, using the backbones of known
proteins and/or information derived from multiple sequence alignments to guide design.
This wealth of sequence and structural data, as well as particularly well-characterized
natural switches, also provide important benchmarks for computational methods. However,
current approaches for switch design remain limited in scope and number; methodological
developments are needed to realize arbitrary structures and functions.

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 February 22.
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Sequence landscape-based design

Recapitulating conformational responses in engineered proteins can range from performing
relatively small searches in sequence space between existing structures to designing
completely de novo folds unseen in nature. At one end of the spectrum, the most
conservative design strategy involves transitioning between two well-defined folds that are
known to be designable via stepwise mutational trajectories. Some of the first switches
designed were based on merging the well-known motifs of zinc finger and all-helical folds
and testing hybrid designs for switching behavior [19,20]. The computational RosettaDesign
algorithm was used later to achieve a similar switch behavior [4]. While the straightforward
approach of threading single sequences onto multiple backbones and scoring all states
simultaneously to evaluate fitness was successful, the design strategy was facilitated by the
facts that the endstate backbones were well defined and that zinc fingers commonly undergo
folding/unfolding transitions in response to Zn2* ions (Figure 3A). Generalizing this
approach to arbitrary backbones will be an important step forward to designing functional
switches de novo, though the use of metals or cofactors to mediate folding/conformational
changes is itself likely to be an important mechanism underlying many target functions.

Recently, the joint fitness landscape of the GA (3a.) and GB (4B+a.) binding domains of
streptococcal protein G [5] was characterized by using the observed sequence variation

of protein homologues to identify mutational pathways bridging the two distinct folds

via Monte Carlo simulations [21]. By applying stability requirements on transitional
sequences, it may be possible to identify putative fold switches more generally. The
REstrained CONvergence (RECON) multistate design algorithm likewise uses a restrained
search over the sequence fitness landscape between states to find sequences compatible

with multiple distinct design goals (ée.g., alternative conformations) by allowing each state
to independently sample sequence space while driven to convergence through ramping
restraints [22]. When applied to proteins known to be capable of large conformational
changes, the sequence space sampled by RECON was found to indeed resemble the
evolutionary sequence space of the starting structures [23]. An advantage to using RECON
over explicitly incorporating evolutionary data is the possibility of targeting de novo
structures as alternative conformational states. We note that these methods have been tested
only /n silico but provide exciting tools for experimental validation and future application. A
recent experimental study using sequence alignment-based algorithms for fold switch design
characterized proteins that adopted one fold in a truncated form (56 amino acids) and an
alternative fold in a longer form (~90 amino acids). While the focus of the study was not

on identifying a single bistable amino acid sequence for each fold pair, the authors do note
possible spontaneous interconversion between folds for some expressed designs [24].

Integrative redesign

Currently, methods to engineer residue-level ‘microswitches’ capable of transducing
signals rely on some combination of evolutionary information, experimental feedback,

and molecular dynamics (MD) simulations to inform design. This integrative approach is
needed to compensate for the difficulty of exerting fine control over protein geometry from
first principles. For instance, to design new GPCR variants with altered conformational
dynamics, Barth et a/. first predicted residue-residue coupling by MD simulations before
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systematically assessing all possible amino acid combinations 77 sifico [25]. Similar
approaches relying on mutation of key structural residues based on evolutionary data or
manual inspection of starting structures have also been successful in creating switchable
peptides and proteins [26,27]. Such methods do not define the precise conformation of
alternative states and are highly dependent on the topology of the starting structure. A
benefit of such designs, however, is the identification of sequence-structure relationships that
may improve our understanding of native proteins and aid in future efforts to reprogram
switching behavior.

Designing de novo switches

Computational protein design increasingly aims to design proteins entirely de novo, i.e. from
structural principles without relying on a natural protein as a starting point. Helical bundles
are particularly popular targets, as their highly predictable backbone geometries facilitate
the design of alternate conformational states (Figure 3B-3D). Moreover, residue-level
interactions are well characterized; tuning their strengths in different conformational states
has proven to be a successful design strategy for design of helical bundle-based protein
switches. The development of algorithms to design extensive hydrogen bond networks
along helical interfaces—first employed for the design of mutually orthogonal oligomeric
structures [28]—have been exploited to create new switchable architectures based on polar
interactions, including pH-responsive oligomers with histidine-rich interfaces [29] and

a Ca%*-dependent coiled-coil switch that mimics the conformational states of influenza
hemagglutinin [11] (Figure 3B). One principal advantage of this approach is the inherent
modularity of helical bundles and the differential strengths of hydrophobic interactions

and polar networks, which are a central feature of ‘latching orthogonal cage-key proteins’
(LOCKR) [30]. Constructed from a trimer of helical hairpins, LOCKR proteins consist of

a five-helix ‘cage’ with a sixth ‘latch’ helix bound via a polar interface. LOCKR switching
follows the principle of domain displacements in modular allostery described above.
Functional peptides can be threaded onto the latch such that they are sequestered within the
helix until a helical ‘key’ peptide with cage-optimal interactions displaces the latch, causing
the latch to unfold and expose the functional sequence(s) (Figure 3C). Originally shown

to be capable of regulating protein degradation /in vivo, variants of the LOCKR system
designed by simply interchanging modular components have since been employed to create
synthetic feedback circuits in cells [31], perform Boolean logic operations on the surfaces of
live cells [32], and sense target proteins [16]. In an earlier example of functionally coupled
geometry changes, a transmembrane four-helix bundle with engineered metal binding sites
was designed to alternate between two degenerate states to yield a Zn?*/H* antiporter [33]
(Figure 3D). These applications underscore the utility of purpose-built switches. Though
modular displacement of helical elements in designed helical bundle assemblies has now
been realized to yield functional proteins, the complete end-to-end design of conformational
switches in which arbitrary end states can be specified (perhaps most tantalizing in the form
of de novo folds) remains unachieved and would begin to demonstrate a mastery of de novo
switch design.

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alberstein et al.

Page 6

Future directions

Designs of modular switchable systems have proven useful as sensors, regulators, and
mediators of cell signaling; however, de novo designed switch mechanisms beyond modular
displacements with hinge-like rigid body movements have yet to be achieved. To engineer
the kinds of ordered, subtle conformational changes integral to natural enzymes, receptors,
and other protein-based machines, we must be able to exercise greater control both spatially
and temporally. For instance, switches often operate on characteristic time scales. However,
kinetic considerations are often entirely neglected in current design approaches, as transient
intermediates and the exact pathway for conformational exchange are difficult to model, and
design algorithms typically seek to find low-energy structures representing thermodynamic
sinks. One (challenging) approach to designing exchange pathways between conformational
endstates is to generate an ensemble of microstates representing the intermediate structures
and use these states in design simulations. This approach is the basis underlying the
engineered DANCER proteins (Figure 3E, left), which spontaneously interconvert between
a major and minor state via a predefined transition trajectory [34]. However, these endstates
were defined by changes in a single rotamer, and explicit control over switching kinetics
remains challenging. One possible approach to this problem is to employ MD simulations to
evaluate mutations likely to accelerate switching kinetics by destabilizing the ground states
relative to transition states, as utilized to enhance the response time of a calbindin-based
switch by up to 32-fold [35].

A more comprehensive list of design strategies for engineering conformational switching
can be found in Table 1. However, it should be noted that many of these methods

rely on mutation of the native fold and subsequent characterization of structure-function
relationships, leaving the alternative conformation(s) undefined prior to design. Moving
forward, we envision that the design of protein switches will build upon recent advances

in sampling methodologies to generate endstate structures (or ensembles) from which
individual sequences can be evaluated for switchability /in silico, analogous to earlier
successes using known natural backbones. Recently, a method termed loop-helix-loop unit
combinatorial sampling (LUCS) was shown to exhaustively sample the length, orientation,
and position of alpha helices on predefined protein scaffolds (Figure 3E, right), creating
geometric variability within a given topology exceeding that of known natural proteins [36].
Similarly, a method for systematic sampling of NTF2-like fold geometries was developed to
generate diverse pocket structures [37]. These algorithms generate ensembles of alternative
secondary structure element geometries that may be used to target specific geometries for
switching.

Ultimately, a biophysically intuitive approach to protein design will likely entail the
concept of “designing on a landscape” [38], where sequence design considers multiple
stable conformations, or even multiple landscapes representing pre-/post-stimulus states.
Deep learning methods for protein structure prediction [39,40] are thought to operate by
“smoothing out” folding landscapes, suggesting that it may become possible to evaluate the
conformational landscapes of structures (and ensembles) and couple deep learning-based
structure prediction with design [41]. This level of detailed control could enable the design
of coupled networks of residue interactions and more complex conformational changes

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 February 22.
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characteristic of evolved switches and machines. While many outstanding challenges
remain, the ability to design de novoall of the components of switchable elements (Figure
1) would allow the design of new families of biological signaling systems with modular

and tunable behavior. These systems could be interfaced with naturally occurring regulatory
mechanisms to control existing biological processes or build up increasingly complex de
novo machines with entirely new functions.
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Figure1|. What makesa protein switch?.

Page 10

altered interactions

catalytic activity

energy conversion

OUTPUT
(function)

energy landscapes coupling
input — state — function

A, Protein switches couple inputs to functional outputs via structural responses. Due to

the diversity of inputs and outputs, and the ability of variable structural responses to
connect different stimuli and functions, protein switches are often envisioned as a “black
box”. In contrast, as illustrated in B, engineering controllable switches de novo requires

a specific and “designable” structural definition of the switch mechanism. Protein switch
function arises from four essential components: the presence of multiple structural states,
with distinct functions, that are differentially populated in response to an input, owing to
their suitable energy landscapes. We illustrate these components with the natural example of

calmodulin, a Ca2*-binding signaling protein.
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Local changes to protein geometry Domain rearrangement

-
J E . conformational change

state 1 state 2 \ upon chemical modification

Fold switching

~
binding of competitive binding to

state 1 state 2 allosteric effector auto-inhibitory domain

Figure 2 |. Examples of switch mechanismsfound in nature.
A, Local changes in geometry between two distinct conformations are commonly

used as toggles for activity. B, Fold switching proteins involve exchange of entire

secondary structure elements and can exhibit different functions specific for each state.

C, Rearrangement of entire domains can occur via various mechanisms and regulate activity
by increasing access to the domain and/or active site.
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A Sequence-derived fold switch B Nature-inspired conformational switch
Influenza hemagglutinin designed coiled-coil switch
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hellcal bundle zinc finger fold pre-fusion post-fusion apo Ca?*-bound
C Modular switch via domain displacement D lon transport via switchable geometry
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£ — aro [Zn?]
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2
— in vivo feedback circuits g - ||
biosensors for protein targets 'é ()
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fine sampling of sequence space within broad sampling of geometry space within
ensembles of specific geometries individual topologies

Figure 3 |. Designed protein switches.
A, Sequence-based switch design. These designs are heavily informed by homologous

protein sequences to infer basic requirements for adopting one fold over another. This
example [4] used sequence motifs of zinc finger proteins and helical bundles to design a
Zn2*-dependent fold switch. B, Nature-inspired conformational switches. Switches in this
category typically aim to emulate specific conformational changes seen in nature. Here,

we depict a coiled-coil switch designed to mimic hemagglutinin, using Ca2* binding as a
trigger [11]. C, De novo designed modular protein switches. The LOCKR class of designed
proteins [30] utilizes domain displacement as a switch mechanism and has been applied
towards a number of different uses. D, Functionally coupled changes in geometry. By taking
advantage of the knowledge of helical packing and metal binding motifs, the ROCKER
protein [33] undergoes conformational exchange between different states, passing Zn2*
ions in one direction while antiporting H* ions, much in the same way as some natural
channels do. E, The future of switch design will necessitate the ability to widely sample
geometry space, define energy landscapes, and explicitly incorporate kinetic considerations.
The recent advances highlighted here (left: DANCER [34], right: LUCS [36]) have brought
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us closer to these goals, but a greater number of methods with broader applicability are
required to make advanced protein switch design routine.
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Table 1|

Summary of designed protein switches inspired from natural examples

Scale of structural
change

Natural examples

Design objective

Page 14

Design methods

Allostery/local
changes in geometry

Many receptors (e.g.
GPCRs), enzymes (e.g.
kinases), and signaling
domains (e.g. GTPases)

Sequence compatible with multiple geometries
(ranging from conformational changes of side
chains to those of entire secondary structure
elements)

Saturation mutagenesis of
key structural residues and
experimental screening [25]

Design of mutually incompatible,
conformationally frustrated states
[26,33]

Design on backbone ensemble
approximating conformational
landscape [34]

Introduction of phosphorylation
sites [42]

Fold switching

XCL1, KaiB, Mad2, CLIC1

Balance between multiple intrachain contact
networks corresponding to distinct topologies

Computational modeling of the
sequence fitness landscape [21,43]
#

Sequence hybridization
[4,5,19,20,24]

Rational mutation of key structural
residues [27]

Explicit design of distinct
intrachain contact networks [11]

Differential domain
assembly

SHP-2, Src family kinases

Stimulus-triggered formation or dissociation of
interdomain contacts

Modular allostery [15]

Tuning of intrachain contact vs.
ligand binding strength [16,30]

Purely /in silico without experimental validation of switch designs
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