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Abstract

Molecular motors and machines are essential for all cellular processes that together enable life. Built from proteins with a wide range
of properties, functionalities and performance characteristics, biological motors perform complex tasks and can transduce chemical
energy into mechanical work more efficiently than human-made combustion engines. Sophisticated studies of biological protein
motors have provided many structural and biophysical insights and enabled the development of models for motor function.
However, from the study of highly evolved, biological motors, it remains difficult to discern detailed mechanisms, for example,
about the relative role of different force generation mechanisms, or how information is communicated across a protein to achieve the
necessary coordination. A promising, complementary approach to answering these questions is to build synthetic protein motors
from the bottom up. Indeed, much effort has been invested in functional protein design, but so far, the “holy grail” of designing and
building a functional synthetic protein motor has not been realized. Here, we review the progress made to date, and we put forward a
roadmap for achieving the aim of constructing the first artificial, autonomously running protein motor. Specifically, we propose to
break down the task into (i) enzymatic control of track binding, (ii) the engineering of asymmetry and (iii) the engineering of

allosteric control for internal communication. We also propose specific approaches for solving each of these challenges.

Keywords Motor protein - Synthetic biology - Energy transduction - Allostery - Processivity - Thermal fluctuations

Introduction

Molecular motors and machines transduce chemical energy
(typically by ATP hydrolysis) to perform mechanical work
(Kull and Endow 2013) and are part of essentially all cellular
processes that together enable life (Alberts 1998). Examples
include linear motors such as myosin (Houdusse and Sweeney
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2016), kinesin (Wang et al. 2015) and dynein (Schmidt and
Carter 2016) and rotary motors such as the flagellar motors
(Albers and Jarrell 2018; Minamino and Imada 2015), V;-
ATPase (Ueno et al. 2018) and F F;-ATPase (Okuno et al.
2011). The archetypal linear molecular motors are bipedal
dyneins, kinesins and myosins, which can “walk” along one-
dimensional tracks such as microtubules (dynein and kinesin)
and actin filaments (myosin) (Fig. la—c, respectively).

The performance of these nanometre-scale machines is
awe-inspiring from an engineering perspective: in spite of
their small size, their energy efficiency exceeds that of
human-made engines powered by chemical fuel, such as com-
bustion engines (Bustamante et al. 2004). Additionally, mo-
lecular motors transform energy to work in an entirely differ-
ent way: compared with combustion engines, protein motors
appear to transduce chemical energy directly into work, with-
out using heat as an intermediary energy form.

Evolution has selected proteins as the optimal material
from which to construct these complex molecules with a wide
range of properties, functionalities and performance character-
istics. Today, we understand that the “magic” by which
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Fig. 1 The structures of linear protein motors drawn to scale and oriented
so that the track would be at the bottom of'the figure. a Crystal structure of
Dictyostelium discoideum dynein dimer determined at a 3.8-A resolution
(PDB 3VKH) with the motor domain (top) distal from the microtubule-
binding domain (MTBD). Only one of the two MTBDs was resolved in
the crystal structure (Kon et al. 2012). b The crystal structure of the
kinesin dimer (PDB 3KIN) from rat brain determined at a 3.1-A resolu-
tion (Kozielski et al. 1997). The arrow shows the neck coil linker (red
line) leading from the right-hand motor domain to the C-terminal coiled-
coil helix (red spiral). The green line near the arrowhead is the N-terminus

proteins achieve motor function boils down to a few key prop-
erties: (i) proteins can fold into a unique, solid-like, three-
dimensional structure; (ii) determined by its sequence and
hence its 3D structure, a protein can bind strongly and specif-
ically via matching surfaces, making multiple weak interac-
tions; (iii) a protein can transmit information between remote
binding sites as a fundamental control mechanism, which we
call allostery; and (iv) proteins operate in aqueous environ-
ments at ambient temperatures where thermal fluctuations
dominate molecular motion—diffusive stepping (a Brownian
ratchet-like mechanism) is thought to be part of the function
of most, if not all, molecular machines. Along with achieving
motor function, these four principles also underlie enzymatic
function performed by proteins.

Principles for molecular motor function

The properties required to build a macromolecular motor are
dictated by the physics of molecules operating in aqueous
buffer in a biologically relevant temperature range. These re-
quirements can be distilled into the following list: (1) an en-
ergy source; (2) far-from-equilibrium conditions; (3) thermal
fluctuations; (4) asymmetry; (5) processivity; (6) timing; and
(7) communication. Each of these elements is required for
building an autonomous protein motor that travels along a
molecular track. In the following, we discuss each of these
seven requirements in order:

(1) The energy source for almost all known linear biological
motors is the hydrolysis of either ATP or GTP. Energy
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of the right-hand motor domain. The motor domain binds directly to the
microtubule track. ¢ The structure of chicken smooth muscle heavy mer-
omyosin dimer (PDB 3J04) determined by electron crystallography at a
20-A resolution (Baumann et al. 2012). The two myosin heads splay out
from the C-terminal coiled-coil. One lever arm and motor domain are
labelled. The motor domains bind directly to the actin track. d A model
for the tumbleweed artificial clocked walker protein (Bromley et al.
2009). The tumbleweed has three ligand-gated DNA-binding domains
that are joined to a central hub via coiled-coil arms

transduction is indirect, as the products of hydrolysis
(ADP + P; or GDP + P;, respectively, where P; is inor-
ganic phosphate) are not immediately released into the
medium. Instead, the protein orchestrates product release
so that it is coupled to the structural state of the motor
system in the transduction cycle. This has led to the con-
cept of “free energy transduction” (Hill 1983).

(2) Molecular motors and the surrounding medium must
maintain far-from-equilibrium conditions in order to
maintain the energy flow from chemical to mechanical
(Brown and Sivak 2020). One way to achieve this is to
maintain a high, non-equilibrium concentration of a fuel
molecule such as ATP. Once the system reaches equilib-
rium, all energy transduction will cease and the motor
will, at best, carry out diffusive motion driven randomly
by thermal fluctuations.

(3) Molecular motors, biological macromolecules and cells
operate in a low Reynolds number regime, where friction
and thermal fluctuations dominate all motion (Purcell
1977). Under these conditions, there is effectively no
inertial motion and protein mean free paths are sub-
nanometre. Instead of battling thermal fluctuations, mo-
lecular motors exploit them for stepping. In the absence
of protein geometric constraints, thermally driven mo-
tion is randomly directed, with proteins capable of recti-
fying this random motion, for example, via a Brownian
ratchet mechanism (Vale and Oosawa 1990).

(4) Molecular motors require some form of asymmetry in
order to gain directionality. Without it, they will just step
back and forth in a diffusive manner. The asymmetry can
be structural, in either the motor or the track, or it can
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involve a catalytic cycle or equivalent process control-
ling motor function.

(5) Processivity is a linear motor’s ability to stay attached to
its track for many consecutive steps. In the low Reynolds
number regime, processivity is essential for individual
motor molecules: if the motor detaches from the track
for any significant period of time, it will diffuse away
under the action of thermal fluctuations and will be es-
sentially lost from the track system. To ensure
processivity, many biological motors are either bipedal
or they are arranged in linear arrays of motor modules to
prevent migration away from the track.

(6) Biological motors have a chemical cycle (enzymatic cy-
cle) and a mechanical cycle. The transitions and interme-
diate steps in each of these cycles must be timed and
coordinated (Kasper and Sivak 2020). For example, if
a motor must make a diffusive step followed by track
binding, the timescale for these events must be fast com-
pared with a chemical clock controlling the state of the
system; otherwise, the chemical clock will move on be-
fore the structural transition (diffusion followed by bind-
ing) has occurred.

(7) Finally, internal communication is essential for an effi-
cient molecular motor. For the individual motor domain,
communication may involve coupling between the track-
binding site and the enzymatic active site so as to coor-
dinate the energetic cycle with the mechanical cycle. For
bipedal motors, the state of one motor domain must be
synchronized with the other motor domain. For example,
if both motor domains release from the track simulta-
neously, then the motor is lost from the system.
Biochemists use the word allostery to describe this mo-
lecular communication, particularly within proteins and
protein complexes (Monod et al. 1963). The physical
basis for this communication between distal sites within
a protein is still poorly understood (Hilser et al. 2012;
Motlagh et al. 2014; Thirumalai et al. 2019).

Based on our current understanding, integration of all sev-
en of these elements is required to achieve autonomous oper-
ation of a molecular motor, that is, the ability to step along a
track, powered by a fuel molecule in solution, and without
external control.

Force generation: power strokes
and Brownian ratchets

Some biological motors appear to operate as Brownian
ratchets (Gu and Rice 2010; Guo and Sousa 2006; Xie
2011), while others, such as conventional linear motors, may
implement a “power stroke” (Belyy and Yildiz 2014; Howard
2006) to induce long-range steps (Bier 2007). The physical

basis for such power strokes is an active area of research
(Hwang and Karplus 2019).

A Brownian ratchet is a device that rectifies thermal noise
to do work (Astumian 1997). It operates by trapping positive
motion due to a thermal fluctuation and preventing backward
motion. This process of detecting a random fluctuation in the
correct direction, and acting on this information to trap this
motion, necessarily requires the processing of information,
which incurs a thermodynamic cost in the form of free energy.
Thus, although the work done by the ratchet is provided by
thermal fluctuations, they still consume free energy, because
the energy cost associated with deleting the acquired informa-
tion (reset) is necessarily at least as large as the work done by
the motor, in full agreement with the second law of thermo-
dynamics (Jun et al. 2014; Landauer 1961). This concept is
central to many natural and artificial molecular motors.

Synthetic biology approach

Traditionally, motor function has been studied by determining
near-atomic resolution structures, measuring biochemical and
biophysical properties and altering the protein using the tools
of molecular biology. These approaches have been very suc-
cessful in understanding the operation of biological linear mo-
tors such as the actin-based motors of the myosin family and
microtubule-based motors such as the kinesin and dynein fam-
ilies. We now have atomic resolution structures of each of
these motor systems in numerous functionally important states
(Houdusse and Sweeney 2016; Kull and Endow 2013;
Schmidt and Carter 2016). More recently, the structures of
less stable or transient states have been determined at atomic
resolution by cryo-electron microscopy (Liu et al. 2017;
Locke et al. 2017; Mentes et al. 2018; Nishida et al. 2020;
Pena et al. 2020; von der Ecken et al. 2016; Zhang et al. 2017).
Site-directed mutagenesis guided by the structural information
has probed the role of individual residues in effecting various
aspects of motor function (Endow 2000). Single-molecule ap-
proaches have allowed biophysical processes to be observed
and measured on a nanometre scale at sub-millisecond time
resolution (Neuman and Nagy 2008). Although rich in detail,
these studies still leave questions regarding the mechanisms
by which motor proteins achieve their physical properties.
This extensive analysis of natural motor proteins has pro-
duced a very detailed picture of the workings of each of these
linear motors, and the same is true for well-studied rotary
motor proteins. Despite this excellent research, fundamental
questions remain as to exactly how these molecular machines
transduce energy. There is still considerable debate over
mechanistic features, with apparently contradictory data
(Houdusse and Sweeney 2016). Finally, in highly evolved
motors, it is difficult to discern the presence and/or prevalence
of different force-generating mechanisms, such as Brownian
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ratchet and directed movement (power strokes), as the extant
motor seamlessly incorporates all aspects into one action.

An alternative approach to understanding the principles by
which biological motors function is to build an autonomous
protein motor from scratch. This is an ambitious goal and
progress to achieving autonomous motor function has been
modest to date, with regard to protein molecules.

Artificial molecular motors from small molecules and
DNA

The importance of molecular-scale machines for future sci-
ence and technology was recognized by the awarding of the
2016 Nobel Prize in Chemistry to Sauvage, Stoddart and
Feringa for “the design and synthesis of molecular machines”
(Service RF 2016; Van Noorden and Castelvecchi 2016).
These scientists laid the foundations for functional molecular
machines using a combination of modelling, organic synthesis
and assembly and by dissecting the underlying physical mech-
anisms by which machines operate (Browne and Feringa
2006). For example, small molecules have been synthesized
that will walk down a track (Leigh et al. 2014; von Delius et al.
2010) and that can perform a rotary motion. Although these
achievements are spectacular, the synthesis of these molecular
machines based on the synthesis of small molecules tends to
be complex and bespoke.

On a somewhat larger scale, several groups have used
DNA and its ability to base pair in a sequence-specific and
highly predictable manner to generate molecular walkers and
machines (Bath and Turberfield 2007; Cha et al. 2014), in-
cluding free-running (autonomous) motors with spectacular
properties (Bath and Turberfield 2007; Bazrafshan et al.
2020; Wickham et al. 2012; Wickham et al. 2011).
However, these machines are limited by their size and the
simple structure of DNA duplexes. Alternatively, proteins
have been incorporated as design elements in nanoscale ma-
chines, such as polyvalent burnt-bridge ratchets (Kovacic
et al. 2015). Proteins are superior to nucleic acid materials
(DNA and RNA) in that they can form larger, more solid-
like structures with much greater geometrical and chemical
diversity. These clear advantages, reinforced by the fact that
evolution has selected proteins as its material of choice, make
a strong case for the value of learning how to design and build
molecular motors based on proteins.

Functional protein design

Custom-made protein design with its promise of wide-range
applications requires a detailed understanding of how proteins
fold and function. Such design has been a long-standing goal
in biochemistry and has seen much progress in recent years.
Protein structures have been built from scratch with high pre-
cision and high stability (Brunette et al. 2015; Huang et al.
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2016b). Protein interfaces have been designed to make pro-
teins self-assemble into large cage-like nanomaterials (Bale
et al. 2016; King et al. 2014; King et al. 2012), to undergo
calcium-responsive large-scale conformational changes (Wei
et al. 2020) or to bind therapeutic targets (Chevalier et al.
2017; Fleishman et al. 2011). In many of these cases, compu-
tational design has been integrated with mutagenesis and
high-throughput screening techniques to improve initial hits.
This strategy of combining the power of directed evolution
with computational design had already been successfully ap-
plied in some of the first enzyme and small-molecule binding
designs. Success, in particular in terms of turnover rates or
binding affinities, could be significantly improved
(Blomberg et al. 2013; Giger et al. 2013; Khersonsky et al.
2012; Lechner et al. 2018; Tinberg et al. 2013). While this
shows that protein design “has come of age” (Huang et al.
2016a), functional protein design remains difficult in particu-
lar with respect to enzyme function. The integration of dynam-
ics and allostery has been achieved in isolated cases (Davey
et al. 2017; Joh et al. 2014) but remains the real challenge in
the design of molecular motors.

Radical engineering of natural motors

Whereas building a protein motor from scratch remains an
aspirational goal, considerable advances have been made by
radically re-engineering functional domains of existing motor
proteins. These advances are the subject of excellent reviews
(DelRosso and Derr 2017; Furuta and Furuta and Furuta 2018;
Iino et al. 2020). Given this, we will in this section only briefly
review the advances that have been made by radically re-
engineering domains of natural protein motors.

Kinesin chimeras and motor directionality

The kinesin family contains motors (Fig. 1b) that move to
either the plus end or the minus end of the microtubule (Kull
and Endow 2013), even though the crystal structures of the
motor domains from plus-end-directed conventional kinesin
(Kull et al. 1996) and the minus-end-directed NCD (Sablin
et al. 1996) are almost identical. Thus, a region outside the
motor domain determines motor directionality. Chimeras
made from plus-end- and minus-end-directed kinesins were
constructed by fusing motor domains from one class to neck
plus stalk domains from the other (Fig. 1b). These experi-
ments resulted in polarity switching where the polarity is not
determined by the motor domain, but rather residues in the
neck region (Case et al. 1997; Endow and Waligora 1998;
Henningsen and Schliwa 1997). The discovery of naturally
bidirectional kinesins, kinesin-5s and a kinesin-14 that switch
direction in a context-dependent manner has shown that
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directionality can easily be reversed by factors outside the
motor domain (Popchock et al. 2017; Roostalu et al. 2011).

Reversible control of myosin motor function via lever
arm engineering

The concept of a “lever arm” (Uyeda et al. 1996) that deter-
mines the size of the working stroke of the actin-myosin in-
teraction is based on the crystal structure of myosin S1
(Rayment et al. 1993). The lever arm is essentially the quasi-
rigid rod formed by the C-terminus of the myosin S1 heavy
chain that is supported by the myosin light chains (Fig. 1c).
The lever arm hypothesis predicts that altering the length of
the lever arm will alter both the step size and the velocity
generated by the actin-myosin interaction. These predictions
were borne out by both truncation and extension mutants of
Dictyostelium discoideum myosins (Uyeda et al. 1996).

Replacing the light chain-binding domain of myosin, a
central component of the lever arm, with one or two o-
actinin repeats (a module of similar length and rigidity), leaves
the function of Dictyostelium myosin essentially unaltered;
however, the motility is dependent on the length of the lever
arm (Anson et al. 1996). Single-molecule tracking showed
that inserting either one or two «-actinin repeats results in a
step size that is linearly proportional to the length of the lever
arm (Ruff et al. 2001). The structure of the construct contain-
ing two «-actinin repeats was determined by x-ray crystallog-
raphy (Kliche et al. 2001).

The direction of myosin motion relative to actin polarity
(plus end versus minus end) is determined by the orientation
of the lever arm. Thus, motor directionality can be altered by
engineering the lever arm structure. Synthetic constructs were
generated where an artificial lever arm comprising two oc-
actinin repeats was attached to either myosin II or myosin I
motor domains with the lever arm pointing towards the plus or
minus end of actin, respectively (Tsiavaliaris et al. 2004).
These motors were shown to travel in opposite directions on
actin filaments (F-actin).

Myosin VI naturally travels in the reverse direction (to-
wards the minus end of the actin filament) to most myosin
(plus end) molecules along the actin filament. The structural
basis for this minus-end-directed myosin VI is an insertion
between the converter (the last domain of the motor) and the
lever arm. The net result of this insertion is that it redirects the
orientation of the lever arm (Menetrey et al. 2005).
Additionally, myosin VI has an unusually large power stroke
or step size which results from a unique pre-power stroke state
(Menetrey et al. 2007).

A series of truncated myosin VI constructs probed the func-
tion of the converter and lever arm (Bryant et al. 2007).
Myosin VI truncated near the converter domain became a
plus-end motor, while longer constructs move towards the
minus end. Motility assays showed that the longer construct

produced higher velocity motion, while direct measurement of
stroke sizes showed that they were longer for the longer con-
structs (Bryant et al. 2007). The resulting model for motor
action is consistent with the crystal structures (Menetrey
et al. 2005; Menetrey et al. 2007).

Given the success in altering motor properties such as ve-
locity, step size and directionality by changing the lever arm,
new studies included a switchable conformational change in
modified lever arms of various myosins (including the plus-
end-directed myosins V and XI and the minus-end-directed
myosin VI). Myosin VI was rendered Ca”* sensitive by incor-
porating an 1Q domain from the lever arm of myosin V. The
IQ domain binds calmodulin in the presence of Ca®*, and it
can be used to determine the directionality of the chimeric
motor (Chen et al. 2012).

Photo-switchable myosin VI and XI chimeras were gener-
ated by incorporating a LOV domain sandwiched between
two o-actinin domains in the lever arm (Nakamura et al.
2014). Depending on the construct, the synthetic motors could
either change direction or change speed in a reversible, light-
dependent manner (Nakamura et al. 2014).

Finally, hybrid protein-RNA molecules have been generat-
ed incorporating structured RNA into the lever arm of myosin
VI (Omabegho et al. 2018). The structure of the RN A-based
lever arm can be altered by specific oligonucleotide signals,
switching the direction of the hybrid motor (Omabegho et al.
2018).

Controlling dynein directionality via engineering the
length of its stalk

The dynein motor domain is separated from the microtubule-
binding domain (MTBD) by an elongated coiled-coil stalk
domain (Fig. 1a) (Carter et al. 2011; Kon et al. 2012), which
is reminiscent of the myosin lever arm (Fig. 1c). The length
of the coiled-coil stalk is fully conserved in all species; how-
ever, it can be changed by adding or subtracting heptads
from its coiled-coil structure (Fig. 1a). Although varying
the length of the stalk by simply removing or adding several
heptads did not change the direction of dynein movement
with respect to microtubule polarity (Carter et al. 2008), it
did alter the helical direction by which Saccharomyces
cerevisiae dynein spirals around the microtubule (Can et al.
2019). More importantly, two conserved proline residues at
the base of the MTBD along the coiled-coil of the stalk
appear to determine the polarity of dynein motion. All natu-
ral dyneins move towards that minus end of the microtubule.
However, shifting these two conserved prolines by two res-
idues reversed the direction of dynein so that it moves to-
wards the plus end of the microtubule, implying that the
power stroke contributes significantly to the directional
movement of dynein (Can et al. 2019).
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Engineering for increased processivity

Processivity is a key property of molecular motors. If a motor
releases completely from the track, it will diffuse away, there-
by ceasing directed motion. The two-headed structure of na-
ture’s linear motors (most myosins, kinesins and dyneins) is
likely an evolutionary adaptation to ensure processivity.

The neck coiled-coil region of kinesin was shown to influ-
ence conventional kinesin processivity (Thorn et al. 2000). In
particular, adding positive charge to the neck coiled-coil re-
gion increased the already high processivity of kinesin, while
adding negative charge decreased the run length. The charge
is thought to maintain the engineered kinesin in the proximity
of the microtubule through an electrostatic tethering with the
C-terminus of tubulin, thus enhancing processivity (Thorn
et al. 2000).

Using a more radical synthetic approach, hybrid DNA-
kinesin motors were generated, where a DNA duplex joined
two kinesin motor domains (Miyazono et al. 2010). The DNA
linker could be used to vary the separation of the heads in a
systematic manner. The results show that strain communicat-
ed between the two motor domains via a 13-residue neck
linker at the C-terminus of the head was critical for maintain-
ing processivity (Fig. 1b) (Miyazono et al. 2010).

Synthetic biology has been used to explore the processivity
of myosin (Schindler et al. 2014). These studies found that
strategies that enhanced the effectiveness of random, uncoor-
dinated stepping improved processivity. Specifically,
processivity was enhanced by increasing the number of heads
on both myosin VI and myosin XI to either three or four.
Processivity was also increased by the insertion of flexible
elements between heads (Schindler et al. 2014).

Re-engineering the dynein track-binding domain

One normally assumes that track binding and motor domain
activity need to be tightly coupled in order to create a new
motor. However, experiments on dynein show that this need
not be the case (Furuta et al. 2017). Dynein differs from my-
osin and kinesin, in that the motor domain is distant from the
track (Fig. 1a), with the microtubule-binding domain (MTBD)
separated from the motor by an elongated coiled-coil stalk
domain, supported by a strut/buttress (Carter et al. 2011;
Kon et al. 2012). It is unclear as to how or if any information
is transmitted from the motor domain to the track-binding
domain, where microtubules form the dynein track.

By replacing the microtubule-binding domain with various
actin-binding domains inserted into the tip of the dynein stalk,
hybrid dynein motors were observed to step along actin fila-
ments (Furuta et al. 2017). The motor activity of this hybrid
structure did not critically depend on the nature of the dynein-
actin-binding domain fusion, with several circular permuta-
tions of the actin-binding domain producing comparable
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motor activity (Furuta et al. 2017). The authors conclude that
these hybrid motors do not have tight coupling between
ATPase activity of the motor domain and the track-binding
domain. Instead, motor activity results from a Brownian ratch-
et mechanism (Vale and Oosawa 1990), with directionality
achieved by asymmetric unbinding from the actin track
(Cleary et al. 2014). Dynein might be a mechanical ratchet
that rectifies fluctuations by utilizing the asymmetric nature
of motor-track interfaces (Ezber et al. 2020).

Lessons learnt from radical engineering
and other studies on natural protein motors

From the above work and other studies, one sees a variety of
different modes of motor operation. For some motors, such as
myosin, there appears to be a tight coupling between track
binding/unbinding, enzymatic cycle and work done by the
motor. In contrast, the radical engineering of the dynein
track-binding domain indicates that this tight coupling is un-
necessary for successful motor action (Furuta et al. 2017).
Lever arm engineering on a variety of myosins indicates that
the motor domain generates a small structural change that is
amplified by the lever arm, which is consistent with the con-
cept of an active power stroke (Howard 2006). In contrast,
kinesins appear more akin to Brownian ratchets in their
force-generating mechanism. Kinesins also rely on signalling
between the two motor domains to maintain high processivity;
however, there is also a contribution from electrostatics, keep-
ing the motor in proximity of the track. All this indicates that
evolution has discovered numerous ways to affect protein mo-
tor function.

In addition to gaining an understanding of natural linear
motor proteins, these engineering studies reveal the power of
using foreign protein domains as elements to alter motor prop-
erties. Modules used in these studies include the tandem «-
actinin domains as a rigid element, coiled-coils for dimeriza-
tion, LOV domains for light activation and structured nucleic
acid domains—DNA and RNA. The modularity of many as-
pects of protein motor function lends itself to this synthetic
hybrid approach. This modularity simplifies the task of ab
initio protein motor design (Fig. 2a).

Building an artificial protein motor
from scratch

Designing and building an artificial motor from scratch is a
tall order. Given the variety of options used by natural protein
motors, the protein engineer can make different choices when
selecting energy source, asymmetry, force-generating mecha-
nism, timing and communication. Some options are easier to
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Fig. 2 Pathway to generating synthetic motor proteins. a Modular
assembly of protein motors using a tool kit of discrete protein modules
each with well-characterized molecular functions. Here, three track-
binding domains (red, green and blue semicircles) are linked to spacer
domains (purple rods) and then assembled into a three-legged structure,
such as the tumbleweed (Bromley et al. 2009). b The principle of action
for the tumbleweed clocked walker Brownian ratchet (Bromley et al.
2009). The track comprises double-stranded DNA with three cognate
sites (A, B and C) for each of the DNA-binding domains in the tumble-
weed. Top panel: the red domain binds to its cognate DNA site (labelled
B) in the presence of the activating ligand (yellow star). Second panel: the
addition of the activating ligand (magenta circle) for the blue domain
traps it bound to its cognate ligand once it encounters this DNA site
(labelled C) via Brownian motion. Third panel: the removal of the red
domain ligand (yellow star) allows it to detach from the DNA track.
Bottom panel: the introduction of the cognate ligand for the green domain
(red cross) traps it once it collides with its cognate site on DNA (labelled
A). ¢ Design principles for an autonomous walker. Left side: the track-

engineer than others. Here, we review key approaches approx-
imately in order of increasing complexity.

Clocked walker Brownian ratchets

The first successful artificial molecular motors (small-mole-
cule or DNA-based) were non-autonomous clocked walkers
that operated as Brownian ratchets. A “clocked walker” is a
motor that requires external, cyclical signals (often changes in
the bathing solution or light pulses) to both coordinate motor
action and supply energy to the motor, keeping the system far
from equilibrium (Bath and Turberfield 2007). This massively

binding domain (green) is controlled by enzymatic activity. This is shown
as a cycle, where the two-domain enzyme opens a cleft so that a substrate
(pink dumbbell) enters the active site and is cleaved (two yellow circles);
these products are released when the site reopens. Some form of asym-
metry is needed in the design (shown as the polarity in the track (red
arrows)) and polarity of the track binder (blue triangle on the bottom
right). Finally, allosteric control is represented by communication be-
tween two track-binding domains (yellow arrow and lightning). The
right-hand side of the panel puts these principles into action. Top panel:
one binder attaches to the track with substrate (pink dumbbell) bound.
Second panel: the second binder attaches to the same track upstream from
the first. As it does so, it sends a signal to the original bound domain,
activating the enzymatic activity of this latter domain. Third panel: the
originally bound domain completes its enzymatic cycle, detaches from
the track and releases the products of catalysis. Bottom panel: the system
is now in the same state as the top panel with only one module bound to
the track; however, the walker has progressed by one site along the track

simplifies motor design, since one does not need to engineer a
sophisticated (enzymatic) energy supply nor does one have to
engineer allosteric control and communication systems into
the motor.

A Brownian ratchet mechanism is also much simpler to
engineer than a power stroke, particularly since the physics
of the latter is still poorly understood. For a ratchet, one effec-
tively needs to control binding and unbinding events but can
leave all motion to diffusion or thermal fluctuations. The en-
ergetic cost for a Brownian ratchet comes from the binding/
unbinding reactions, and this lends itself to the clocked walker
design, where the changes in chemical potential (e.g. ligands
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that trigger binding are supplied at high chemical potential and
are removed at low potential) or the application of controlling
light pulses supply energy to the motor.

Finally, ab initio protein design is still in its infancy (see
above); hence, simpler approaches circumventing ab initio
design provide expediency to an already difficult task. One
such approach is to use known protein modules with well-
characterized molecular function as building blocks in the
design process (Fig. 2a). This approach has been used widely
in the radical engineering of natural protein motors (see
above).

The first designs for protein-based artificial motors are es-
sentially clocked walkers operating as Brownian ratchets: they
are the three-legged tumbleweed (Fig. 1d) (Bromley et al.
2009), the two-legged SKIP (Zuckermann et al. 2015) and
the light-activated bipedal bar-hinge motor (Small et al.
2019). These proposed clocked walkers use double-stranded
DNA as a track (Kovacic et al. 2012), ligand-gated DNA-
binding proteins as “motor domains” and coiled-coils as lever
arms (Bromley et al. 2009; Small et al. 2019; Zuckermann
et al. 2015). The tumbleweed is a three-legged structure with
three different motor domains, where each binds to a specific
DNA motif in the presence of a specific ligand (Bromley et al.
2009). The three-legged geometry provides the structural
asymmetry conferring directionality (Fig. 2b).

The two-legged SKIP uses two coiled-coil lever arms each
attached to a pair of DNA-binding domains, which are specif-
ic for each lever arm (Zuckermann et al. 2015). Its mode of
operation is similar to an earlier bipedal nanomotor proposal
(Wang 2007). Structural asymmetry is lacking in SKIP, and so
directional movement is achieved by docking SKIP in an ap-
propriate orientation at the start of the track (or at any random-
ly selected binding site). SKIP has the unusual advantage of
acting as a shuttle, capable of running processively from one
end of the track to the other and back (Zuckermann et al.
2015). Both SKIP and tumbleweed are proposed to use a
microfluidic system to supply appropriate sequences of ligand
pulses, which both control and power the motor (Niman et al.
2013). The bar-hinge motor differs from the other designs in
that it incorporates a light-sensing azobenzene molecule that
controls the angle between the two lever arm coiled-coils in a
light-dependent manner (Small et al. 2019). Whereas detailed,
numerical models exist for each of these designs for clocked
walker Brownian ratchets (Bromley et al. 2009; Small et al.
2019; Zuckermann et al. 2015), to date, there are no reports on
their experimental realizations.

Towards autonomous artificial motor
proteins

Three key principles that are thought to be essential to natu-
ral protein motors have to be incorporated into the design of
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an autonomous artificial protein motor. These principles are
enzymatic control of track binding, structural asymmetry to
get unidirectional motion and allosteric regulation of the en-
zymatic activity (Fig. 2¢). Attaining these goals will be a
major advance beyond clocked walker Brownian ratchets
(Table 1).

Engineering enzymatic control of track binding

The designs that we have explored in our groups use ligand-
dependent DNA-binding proteins (called repressors, where
the activating small-molecule ligand is called a co-repres-
sor) as the basis for our clocked walker Brownian ratchets.
An obvious enhancement that could be the first step to-
wards autonomy would be to convert these repressor pro-
teins into enzymes, where track binding will now be con-
trolled autonomously by the phase of the engineered enzy-
matic cycle.

One ligand-dependent DNA-binding protein that is cur-
rently being used in the tumbleweed design is the Trp repres-
sor (TrpR): it binds to the #7p operator DNA site in the pres-
ence of the ligand (or co-repressor) tryptophan which forms
part of the repressor-DNA interface (Phillips and Stockley
1996). TrpR has already been engineered to accommodate a
series of tryptophan-related ligands (Stiel et al. 2020). The
challenge will be to select an appropriate ligand and use an
engineering approach to convert TrpR into an enzyme
(Lechner et al. 2018), thereby autonomously controlling track
binding (see below).

Engineering allosteric control by exploiting
dimerization interfaces

Engineering allosteric control is an even more difficult protein
engineering task. In general, the structural basis of allostery,
where binding of a ligand to one site on a protein influences
the affinity or activity of the protein for a distal site, is not well
understood. However, there are some simpler allosteric mech-
anisms that may be amenable to current protein engineering.
One possibility is to place the active site on a protein-protein
or domain-domain interface, so that the enzyme is only active
if the interface has been correctly formed. Such a split active
site is used in many examples in biology where dimerization is
essential for enzymatic activity (e.g. dimeric ATPases like
MinD (Lutkenhaus and Sundaramoorthy 2003) and nitroge-
nase iron protein and small GTPases which require a GTPase
accelerating protein, GAP, to complete the active site
(Rittinger et al. 1997)).

TrpR, which we use in our artificial motor designs as a
DNA-binding domain, might be a suitable engineering target.
The crystal structure of full-length TrpR shows binding of two
TrpR dimers to two adjacent #7p operator sites with the tryp-
tophan ligands (co-repressors) sitting at the interface between
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Table 1

Strategy for design and construction of an autonomous bipedal motor

Objective Strategy

Enzymatic control of track binding

* Engineer existing small-molecule ligand (called a co-repressor)® binding pocket to acquire enzymatic activity

* Couple to an enzyme to acquire catalytic activity then alter binding pocket to accommodate co-repressor

mimetic

* Use directed evolution to refine enzymatic activity and DNA binding

Structural asymmetry

* Break symmetry of the repressor by altering one DNA-binding motif per repressor dimer

» Make single polypeptide versions of dimeric repressors to engineer asymmetry
* Couple asymmetric monomers to engineer asymmetric dimers

Allosteric control of enzymatic
activity

« Split catalytic site so catalysis only occurs when 2nd foot binds adjacent to 1st foot
* Use strain generated when 2nd foot binds to alter active site of original bound foot

 Assumes that a ligand-gated repressor, activated by a co-repressor (small-molecule ligand), is the starting protein for a DNA track-binding module

the two adjacent TrpR proteins (Fig. 3a) (Lawson and Carey
1993). It may be possible to create an enzymatic site using
residues from the two adjacent TrpR dimers with the substrate
at the interface so that the catalytic site is only complete when
the two “feet” (each containing a TrpR dimer) are bound to
adjacent sites.

Engineering asymmetry

All repressor molecules (such as TrpR) are homodimers, and
all repressor binding sites (such as the #p operator DNA site)
are palindromic DNA sequences. As such, any motor built of
repressor proteins will not be directional without additional
constraints.

Many repressors bind to DNA via helix-turn-helix (HTH)
reading head structures that recognize specific DNA se-
quences via interactions in the major groove. Thus, an
engineered heterodimer can be generated by altering the
DNA sequence specificity of only one monomer by grafting
a HTH recognition motif from a different repressor. To ensure
that the engineered molecule is a heterodimer, the two differ-
ent repressors can be linked into a single chain. Since only the
DNA-interacting residues would be altered, the impact on
protein structure and stability would be minimal.

For TrpR, it has been shown that a TrpR dimer can be
expressed as a single polypeptide chain with a fluorescent
protein (FP) as “linker” (Kaper et al. 2007). Using such a
single-chain construct, it would be possible to replace the
HTH DNA recognition motif from one of the two copies of
TrpR with a HTH from a different DNA-binding protein, thus
generating a non-symmetric protein that binds to a non-
palindromic DNA site.

Two such identical engineered asymmetric TrpR hetero-
dimers could then be coupled to generate an autonomous
bipedal walker (Fig. 3c). The autonomous walker cycle
could be implemented where a substrate only binds to one
side of an asymmetric TrpR heterodimer (again, this would
require engineering), biasing it to the DNA-bound state (Fig.
3c, step 1). When a second asymmetric TrpR heterodimer

binds to the adjacent downstream #rp operator site on DNA
(Fig. 3c step 2), it completes an engineered enzymatic active
site, turning over the substrate and releasing the original
TrpR from the DNA track (Fig. 3c, step 3). This cycle will
continue in a unidirectional manner (Fig. 3¢). Here, direc-
tionality of the bipedal walker ensues from the asymmetry
within each heterodimer (directing the polarity of each foot
binding to the track) and the coupling of the enzymatic cycle
to the already-bound substrate in the trailing foot on the
track.

Allosteric control via strain generated by a bipedal
walker

Many enzymes contain active sites at the interface of two
domains, where the apo form has an open active-site cleft
which closes on substrate binding via domain rotation (e.g.
the GroEL ATPase (Xu et al. 1997)). For this type of enzyme,
mechanical strain could be used to bias the structural equilib-
rium to favour either the open or the closed state of the protein,
thereby allowing the strain to control the enzyme (Bustamante
et al. 2004; Choi et al. 2005b).

Mechanical strain is used to control many enzymes and
motor proteins. Many kinases are found in an inactive form
when regulator protein domains (e.g. SH2 and SH3) bind to
linear protein segments that anchor the upper kinase domain
(Sicheri and Kuriyan 1997). When these regulator proteins
bind, they induce strain in the connecting linker and thus pre-
vent closure of the kinase active site. Under these conditions,
the kinase is rendered inactive. Similarly (and more relevant),
the molecular motor myosin V has a large step, with the two
motor domains separated by multiple actin monomers (Tyska
and Mooseker 2003). It is thought that product release of the
rear motor domain is activated by strain transmitted through
the linker as the forward motor domain binds to the actin
filament (Craig and Linke 2009). Thus, one should be able
to utilize mechanical strain to communicate binding informa-
tion, i.e. allostery.
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Somm——

Fig. 3 Designing allosteric communication to create an autonomous
walker protein. a Allostery by putting the active site on an interface.
Crystal structure of two adjacent TrpR dimers bound to tandem #rp
DNA sites (Lawson and Carey 1993). One TrpR dimer is shown in cyan
and magenta, the other in red and green ribbon representation. The tryp-
tophan molecules (sphere representation coloured: carbon, yellow; nitro-
gen, blue; and oxygen, red) lie near the interface between the two dimers.
b Allosteric communication via strain. Two dimeric PurR repressors
(green-cyan) bound to neighbouring sites on DNA. PurR is engineered
to be a heterodimer with only the cyan monomer actively controlling
DNA binding. Strain induced by the right-hand PurR biases the cleft in
the left-hand PurR to the open position, releasing products and hence
detaching from the track. For the right-hand PurR, the same strain keeps
the active site closed, preventing premature product release from the
active site. ¢ Concept for a TrpR-based autonomous bipedal walker where
allosteric communication is achieved by having the active site at an in-
terface. Two asymmetric TrpR feet are tethered together where each
asymmetric foot has only one partial catalytic site. The full active site
requires both TrpR feet to bind to adjacent sites in the DNA major groove
in a forward direction (due to the asymmetry of the engineered TrpR).
The walker cycle proceeds as follows: Step 1: One foot (cyan/magenta) is

A suitable protein family for engineering allostery in such a
way are the Lacl/PurR repressor family proteins, whose bind-
ing to DNA is controlled by a two-domain co-repressor bind-
ing domain (CBD; Fig. 3b) (Lewis 2005), which is a member
of the substrate-binding protein (SBP) structural family
(Berntsson et al. 2010). Co-repressor (small-molecule
ligand) binding controls the open-closed state of the CBD,
controlling DNA binding. Structurally related SBPs have al-
ready been converted into enzymes (Clifton et al. 2018). Thus,
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bound to the track with substrate (yellow ellipse) bound to the partial
active site. Step 2: 2nd foot (red/green) binds adjacent to the 1st foot
completing the catalytic site, generating products (orange). Step 3: After
catalysis, the original foot (cyan/magenta) is released from the track. d
PurR-based autonomous walker where allostery is communicated by
strain. Two PurR chimeras with asymmetric feet are linked by a tether.
The tether length is such that when one foot is bound to the DNA track,
tight binding of the second foot will be impeded unless it generates ten-
sion in the linker. This tension will serve to open the active site cleft in the
rear, previously bound foot and hence induce product release and unbind-
ing from the track. The cycle proceeds as follows: Step 1: One leg binds to
DNA track in the presence of ligand (yellow dumbbell). 2nd foot is free to
diffuse. Step 2: Second leg discovers a cognate site on DNA in a forward
direction and commences to bind this site. Step 3: Forward leg binds
activating ligand (yellow dumbbell) while the initially bound rear foot
hydrolyses the ligand (two orange circles). Ligand binding to front and
hydrolysis in rear foot need not be concomitant. Step 4: The front foot
now binds DNA strongly. It induces strain in the previously bound rear
foot, opening the active site and facilitating release of products (orange
circles). Step 5: The rear foot has no ligand; hence, it releases from the
DNA track

it should be possible to convert a member of the Lacl/PurR
family into an enzyme where the enzymatic state will control
DNA binding.

In a next step, this enzymatically controlled repressor has to
be engineered to be sensitive to strain in a way that maintains
processivity—i.e. the rear DNA-bound foot cannot complete
its enzymatic reaction and thus will not leave the DNA track
until the other foot binds in front of it (Fig. 3b, d). Another
member of the SBP family, maltose-binding protein, has
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successfully been engineered so as it is allosterically con-
trolled by mechanical strain (Choi et al. 2005a). Thus, strain-
dependent allosteric control should be attainable for an
engineered Lacl/PurR protein.

Searching for power stroke generating modules

All of the above autonomous designs are still Brownian
ratchets: their stepping is driven purely by random thermal
motion and then is locked in by binding to the substrate in
the presence of the appropriate ligand. It remains an open
challenge to discover a non-motor protein module that can
be engineered in such a fashion that it generates a power
stroke akin to members of the myosin family.

Conclusion: design and engineering
challenges

The design and construction of artificial protein motors as
described above include a number of design and engineering
challenges. Synthetic biologists and protein designers have
successfully constructed proteins never before seen in nature.
Successes include the de novo design of pre-defined protein
topologies, the generation of new protein-protein interfaces
and, in some cases, the installation of enzymatic functions in
previously non-catalytic protein scaffolds. However, the de-
sign of proteins with pre-defined function still remains a major
difficulty. Moreover, the integration of dynamics and allostery
is an even bigger challenge. As such, it is not surprising that
the design of a functional motor protein capable of autono-
mously transducing chemical energy into mechanical work is
regarded as an exciting but outstanding challenge to the field.

To succeed in this challenge, we have developed a possible
roadmap for the design and construction of an autonomous
bipedal motor (Table 1). To achieve this goal, multiple engi-
neering milestones have to be met simultaneously: mutual
tuning of allosteric control, track binding and coupling of both
so that autonomous stepping is accomplished. A bottom-up
approach must confront these challenges in understanding and
design. We envision that modularity provides an excellent
path to the targeting of more complex functions and that pro-
tein motors can be designed bottom-up from existing protein
domains that have no motor function. At the same time, the
full advantage of a bottom-up approach is maintained, name-
ly, the ability to study the emergence of function from the
synergistic interplay of its parts.
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