Chapter 2
Fluorescent Biosensors: Design
and Application to Motor Proteins

Simone Kunzelmann*, Claudia Solscheid*, and Martin R. Webb

Abstract Reagentless biosensors are single molecular species that report the concen-
tration of a specific target analyte, while having minimal impact on the system being
studied. This chapter reviews such biosensors with emphasis on the ones that use
fluorescence as readout and can be used for real-time assays of concentration changes
with reasonably high time resolution and sensitivity. Reagentless biosensors can be
designed with different types of recognition elements, particularly specific binding
proteins and nucleic acids, including aptamers. Different ways are described in which a
fluorescence signal can be used to report the target concentration. These include the use
of single, environmentally sensitive fluorophores; FRET pairs, often used in geneti-
cally encoded biosensors; and pairs of identical fluorophores that undergo reversible
stacking interactions to change fluorescence intensity. The applications of these bio-
sensors in different types of real-time assays with motor proteins are described together
with some specific examples. These encompass regulation and mechanism of motor
proteins, using both steady-state assays and single-turnover measurements.
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FP Fluorescent protein

FRET Forster (or fluorescence) resonance energy transfer

MDCC 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin
MDCC- (A197C) Phosphate binding protein adduct with MDCC

PBP

PNA Peptide nucleic acid
SELEX Systematic evolution of ligands by exponential enrichment
TIRFM Total internal reflection microscopy

2.1 Introduction

This chapter reviews different types of biosensors and how some of them are being
applied to probe molecular motors. The biosensors field is wide, in part because of a
somewhat diffuse definition of biosensor, which means different things to different
people. This chapter is restricted to what are often called reagentless biosensors,
essentially a single species in solution that reports the concentration of a target
molecule. The term “reagentless” implies that no other reagent, apart from the
biosensor, needs to be added to the system being studied. This is in contrast with,
for example, a coupled enzyme assay, in which several extra components may need
to be present. This chapter focuses on reagentless biosensors that can be applied to
continuous, time-resolved measurements with fluorescence as the readout, as these
have found widespread use in assays with motor proteins to measure either the
movement, ATP hydrolysis, or such aspects as regulation.

There are two essential elements of the reagentless biosensors of the type
described here. The example of a biosensor for inorganic phosphate (P;) [1, 2] in
Fig. 2.1 will be used to illustrate these concepts, as this is a simple entity and has
been widely used in the motility field [3-5]. Firstly, a recognition element senses
the target analyte with some degree of selectivity over similar molecules. The
recognition element can be an enzyme that catalyses a reaction of the analyte, a
macromolecule, such as protein or nucleic acid, or a small molecule that binds the
analyte. In the case of the P; biosensor, this element is a phosphate binding protein
that binds P; tightly and with a high degree of selectivity. The second element is a
reporter, which produces a signal, in response to interaction of the analyte with the
recognition element that can be measured without interference from the rest of the
assay components. The signal can be electrons or light, for example. The P;
biosensor has a coumarin fluorophore covalently bound to a single cysteine on
the protein surface. At this position, the label responds with a ~tenfold increase in
fluorescence intensity when P; binds. The signal is transduced by a protein confor-
mation change on binding P;, thereby changing the environment of the fluorophore
and hence its fluorescence: in this case, there is no separate transducing element as
the protein itself does this. In some biosensors, such an element needs to be
included within the biosensor to couple the recognition and reporter elements.



2 Fluorescent Biosensors: Design and Application to Motor Proteins 27

o 3
e @ 141
8 o
7} w
o o
g 5 1.2 F
[ o

1.0

0 20 40 60 80
[Pil (uM) Time (ms)

Fig. 2.1 P; biosensor, MDCC-PBP. (a) Structure, showing P;-bound form (green/dark) overlaid
with unlabelled apo-PBP (yellow/pale). P; is bound between the two domains. One domain (eft) is
overlaid to show movement of the other (right) on P; binding [31, 77]. (b) Diethylaminocoumarin
sits in a cleft between the two domains in the P;-bound structure. In the apo form, it is likely that
the coumarin position is flexible and pointing into the medium [31]. (¢) Titration of P; into 5 pM
MDCC-PBP, to show region of linear response, capacity and calibration [2]. (d) Measurement of
binding kinetics by mixing 0.25 pM P; with 0.1 pM MDCC-PBP in a stopped-flow apparatus [2]

A major advantage of reagentless biosensors is that only a single component is
added to the system being studied, so it causes only a minimal modification or
interference. Essentially, reagentless biosensors can be “impactless” on a solution
of proteins, etc. being assayed. For example, the P; biosensor has been used to
measure P; produced by the ATP hydrolysis of myosins, kinesins, helicases, etc. In
measuring such a product, the motility system itself is not directly altered: the
biosensor interacts with P; only after it dissociates from the motor protein. This is in
contrast to some other fluorescence techniques, such as labelling components of the
system itself (e.g. proteins or substrates), which potentially affects the studied
reaction significantly. However, it should be pointed out that binding products of
a reaction does limit the reversibility of that reaction, should that be an important
feature: for example, P; can inhibit muscle ATPase activity.
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2.2 Types of Reagentless Biosensor

Reagentless biosensors can be classified according to the nature of their recognition
element, which interacts with the target molecule. This can be, for example, a
peptide, protein, nucleic acid, or a small synthetic molecule.

2.2.1 Protein-Based Biosensors

Protein-based biosensors rely mostly on ligand-binding proteins that selectively
interact with the target molecule, as outlined above. If necessary, selectivity can be
further enhanced or modified by mutating the binding site, based on structural
information. This has, for example, been done on an ADP biosensor, based on a
bacterial actin homologue, ParM [6]. The wild-type protein is an ATPase that binds
both ADP and ATP, but introducing mutations in the active site strongly decreases
the affinity for ATP and results in a biosensor with >400-fold preference for ADP.
The high specificity, together with potentially tight binding, is an advantage over
most other types of biosensors, where the scaffold for specific recognition has to be
developed first. However, it largely restricts such biosensors to target molecules for
which a suitable, specific binding protein is available. There are only a few
examples of protein-based biosensors, where a new ligand specificity has been
generated, for example, by computational design [7, 8].

A fluorescent reporter is coupled to the ligand-binding protein either by chemical
labelling of the protein with small fluorescent probes or by genetic fusion to
fluorescent proteins like GFP (green fluorescent protein) and its variants to produce
genetically encoded biosensors. Chemical labelling at specific sites is often
achieved via cysteine-reactive probes, mostly iodoacetamide or maleimide deri-
vatives, which are commercially available for many fluorescent dyes. This enables
the label to be positioned specifically on the surface. Small synthetic dyes generally
give larger signal changes and may be more suitable for applications in vitro,
whereas genetically encoded biosensors are the method of choice for measurements
in cells or in vivo [9, 10]. There are also approaches combining the two strategies by
genetic fusion with protein tags, such as SNAP-tag or CLIP-tag [11, 12], which can
then be chemically modified with fluorescent dyes [13, 14], as outlined in Sect. 2.3.
The chemical reaction is specific enough for labelling of a genetically encoded
protein scaffold on a cell surface or even within cells, and thus, the functional
biosensor can be generated in situ.

Another advantage of using a protein framework is that the normal specificity
and activity of the protein may be harnessed as the transducing element. That is
particularly so, when using a protein conformation change, linked to ligand binding,
to change the environment of an attached fluorophore. This was outlined above for
the P; biosensor (Fig. 2.1). However, a number of different strategies have been
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used to transduce the binding event into a fluorescence change of the reporter in
these types of biosensors, some of which are discussed in Sect. 2.3.

2.2.2 Nucleic Acid-Based Biosensors

Oligonucleotide-based sensors fall into two groups: firstly, hybridization probes
that anneal to complementary sequences of DNA and RNA and, secondly, aptamers
that recognize targets other than nucleic acids.

In most cases, hybridization probes are made up of synthetic nucleic acids,
which are complementary to their target sequence and linked to a fluorescent
reporter group [15, 16]. Many such probes are used in techniques requiring either
the analyte or the hybridization probe to be surface bound, as is the case in single-
molecule studies, microarrays and FISH (fluorescence in situ hybridization).
Hybridization probes can also be applied in solution, for example in quantitative
PCR or kinetic assays. The reporter element is formed by labels attached to the 3’-
and/or 5'-ends of the probe(s), either as a single fluorophore or as a FRET (fluore-
scence resonance energy transfer) or fluorophore—quencher pair, depending on the
strategy [15] (also see Sect. 2.3).

Aptamers form a versatile subclass of nucleic acid probes. In contrast to hybrid-
ization probes, aptamers are generated through “systematic evolution of ligands by
exponential enrichment” (SELEX) specifically to bind small molecule ligands,
metal ions, proteins, or even cell surfaces [17, 18]. The wide range of target
molecules, which can be addressed by aptamer-based biosensors, is an advantage
over the protein-based biosensors described above, where obtaining new ligand
specificities usually requires a new recognition protein. Due to this, aptamers have
found widespread applications in therapeutics and medical screens [19, 20], as well
as in basic research [21]. While showing similar affinity and selectivity to antibody-
based systems (see Sect. 2.2.3), single-stranded DNA or RNA aptamers have
several advantages over the former class of biosensors. Their wide range of targets,
small size, high thermostability, low immunogenicity, ease of synthesis and modifi-
cation have led to an increase in their popularity [20-22].

Aptamers often undergo conformational changes when binding their target. Such
structural changes can be exploited by strategically introducing chromophores to
report on the structural alterations in different ways. One aptamer, making use of a
conformational change to detect ATP with a >threefold selectivity over guanosine
and pyrimidines, consists of a 26-bp DNA molecule, labelled with two pyrenyl
groups [23]. In the absence of a ligand, the two pyrene rings are thought to interact
with neighbouring bases on the single-stranded DNA (ssDNA), resulting in a low
fluorescence quantum yield. Upon binding two ATPs, the DNA folds back on itself,
becoming double stranded. The newly formed base interactions release the pyrenes,
which become free to form a bis-pyrene excimer and so have an increased fluores-
cence [24]. While excimers and FRET pairs have been used in the development of a
number of aptamers, the most common approach consists of a fluorophore and a
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quencher moiety attached to the 3'- and 5'-ends [22]. These “molecular beacons”
are a large class of biosensors that are mostly based on nucleic acids but some also
on peptides or PNA (peptide nucleic acid). They possess a typical stem—loop
structure, which is disrupted by target association, resulting in the separation of
the fluorophore—quencher pair [25]. A comprehensive description of the various
types of aptamer sensors and their applications has been covered by several recent
reviews [15, 26-28].

2.2.3 Antibody-Based Biosensors (Immunosensors)

Immunosensors use antibodies or antibody fragments as recognition elements to
detect antigens with high specificity and high affinity. A wide range of reporters
have been used, including those giving a fluorescence signal. Most antibody-based
probes require other molecules as part of the biosensor and are therefore not
reagentless. However, due to their importance in research, the principles of some
immunosensors are outlined here.

Most immunoassays are heterogeneous with recognition taking place at the
surface of a solid matrix. This is achieved either by direct binding of a fluorescently
labelled antibody to an immobilized target or by secondary labelling, whereby a
fluorescent molecule binds to an unlabeled, surface-bound antibody. Alternatively,
there is a sandwich approach, in which an antigen—antibody complex, attached to a
surface, is recognized by a labelled antibody for detection, as is used in the enzyme-
linked immunosorbent assay, ELISA [29]. All these assays require the target or
antibody to be separated from a homogeneous sample via interaction with the
complementary component, fixed to a solid matrix. The accumulation of fluorescent
molecules at a surface provides the readout. In a homogeneous format, target and
sensor interact in solution, dispensing with a separation step. This interaction must
result in a fluorescence change, and so these are similar in principle to other protein-
based biosensors (Sect. 2.2.1). For example, two pools of antibodies raised against
two different sites on an antigen can be labelled with compatible fluorescent dyes
and used in a FRET-based manner [29]. To date the majority of immunosensors are
used in surface-immobilized assays, which typically have low time resolution,
rather than being suitable for time-resolved measurements [22].

2.2.4 Other Recognition Elements

Chemosensors, based on small synthetic molecules, form a large group of probes
and include what are often simply called indicators [30]. Their design principles are
largely very different from those of the biosensors described here. However, they
often target biological molecules and are used similarly to biosensors, based on
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proteins or nucleic acids. An example, to measure calcium ions, is given in
Sect. 2.5.

2.3 Design Principles: How Target Recognition Is Coupled
to a Fluorescence Signal

A critical step in biosensor development is to couple target recognition to a
fluorescence change of the reporter. There are a number of different designs,
depending in part on the nature of the sensing element. Here, the main focus is on
protein-based biosensors, but some design principles also apply to biosensors based
on nucleic acid aptamers.

2.3.1 Single Fluorophore

Most simple designs rely on the fluorescence intensity change of a single,
environment-sensitive fluorescent reporter that is attached to the recognition ele-
ment. A conformation change in the recognition element upon target molecule
binding is translated into a change of the local environment of the fluorophore
(Fig. 2.2a). This can lead to a fluorescence intensity change by several mechanisms,
such as changing the solvent accessibility and thus dynamic quenching, a change in
polarity of the surrounding environment, or a change of specific interactions of the
fluorophore with the protein. The last mechanism has been shown to be the main
contribution for the phosphate biosensor, MDCC-PBP (Fig. 2.1). In this case, there
is a specific mechanism by which the diethylaminocoumarin has high fluorescence
in the phosphate-bound state, namely, by becoming coplanar due to an interaction
with the protein [31]. A large number of other examples for this type of design,
based on periplasmic binding proteins similar to PBP, exist, where ligand binding
induces a large movement of two subdomains relative to each other leading to
closure of the ligand-binding cleft [1, 32, 33].

Alternatively, a direct interaction of the fluorophore with the bound target
molecule can cause a change in fluorescence intensity (Fig. 2.2b). An example is
a biosensor for single-stranded DNA (DCC-SSB), based on the single-stranded
DNA-binding protein (SSB). DNA binding causes an increase in the fluorescence of
a single, environment-sensitive fluorophore (diethylaminocoumarin) in the absence
of a recognized conformation change [34]. A third method of obtaining a fluores-
cence change is by ligand-induced modification of the biosensor, and an example is
the biosensor that responds to ATP/ADP ratio [35]. A fluorophore-modified nucleo-
side-diphosphate kinase emits fluorescence depending on the degree of phosphory-
lation of the protein. Normally such phosphorylation is a transient part of the natural
enzyme mechanism, but the process was harnessed so the biosensor responds to
phosphorylation by ATP and dephosphorylation by ADP.
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Fig. 2.2 Different designs of fluorescent reagentless biosensors. These design features mainly are
applicable to protein-based biosensors. Single-fluorophore biosensors: conformation change (a) or
interaction with target (b) alters the fluorophore environment. Biosensors with two fluorophores:
readout is by FRET between two different fluorophores, shown here as fluorescent proteins (c), or
by disruption of stacking between two identical fluorescent dyes (d). Examples of modular
designs: part of the fused system interacts with the recognition element in either the target-
bound (e) or target-free state (f), so transducing the signal when the target binds. In both types
shown, the readout is by FRET. See Sect. 2.3 for details

In contrast to small synthetic dyes, in genetically encoded biosensors that use
fluorescent proteins (FP), the chromophore is shielded inside the protein structure,
which renders it less susceptible to environmental changes. The strategy for signal
transduction is thus different. Several genetically encoded biosensors rely on the
intensity change of a single FP, for example, biosensors reporting on the ATP/ADP
ratio [36], Ca* [37,38], Ins(1,3,4,5)P4 [39] or glutamate [40]. By inserting FPs into
a structural element that undergoes a conformation change upon ligand binding, this
can alter the local structure or protonation state of the chromophore and thus the
fluorescence intensity. Often circularly permuted versions of FPs are used, in which
the N- and C-termini of the FP are in close proximity to the chromophore. In this
way, when fused to the recognition protein, circularly permuted FPs are more likely
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to give a fluorescence change than the normal FP version. The dependence of
fluorescence on the protonation state has also been exploited to use FPs as pH
biosensors. Mutations around the chromophore have yielded variants that respond
to changes in different pH ranges and with different spectral properties [41].

2.3.2 Two Fluorophores

A large number of biosensor designs are based on FRET (Fig. 2.2c). Here, a pair of
fluorophores, specifically a FRET donor and acceptor, are fused to the recognition
element. If a ligand-induced conformational change alters the distance or relative
orientation of the FRET pair, this can result in a change in FRET. In comparison to
probes based on fluorescence intensity of a single fluorophore, FRET provides a
ratiometric signal, the ratio of acceptor to donor emission. This is an advantage for
quantitative measurements in a complex environment, such as in cells, as the ratio
should be independent of biosensor concentration. Due to the practical difficulty of
specific labelling, a FRET-based design is not easily implemented with two differ-
ent chemical dyes. In contrast, FRET-based mechanisms are very common among
genetically encoded biosensors, such as for Ca%* [42-44], cAMP [45, 46] and
cGMP [47, 48], sugars [49-51], phosphate [52] and ATP [53].

In a similar way, a fluorophore—quencher pair of labels can be used, whereby the
fluorescence depends on the proximity of the quencher to the fluorophore. Fluores-
cence quenching occurs by FRET or static quenching or, mostly, by a combination
of both. Static quenching involves a physical interaction between fluorophore and
quencher and thus requires the pair to be closer to each other than in a FRET pair.
This principle is realized in “molecular beacons”, as described in Sect. 2.2.2.

A more straightforward approach is to take advantage of stacked dimer forma-
tion with two identical fluorescent labels. Stacking can occur with various aromatic
dyes, such as xanthenes, which show strongly quenched fluorescence in the stacked
state (Fig. 2.2d). This requires labelling the protein with only one type of
fluorophore, but at two positions. The strategy has successfully been applied to
develop protein-based biosensors for phosphate and ADP/GDP [54-56]. These
consist of a specific binding protein labelled with two tetramethylrhodamines,
positioned so they can form a stacked dimer in the ligand-free state with a shift in
absorbance wavelength from monomeric to dimeric state. A conformation change
upon ligand binding causes disruption of the dimer and thereby a fluorescence
increase. While the stacked rhodamine dimer forms in the ground state of the
molecules, other dyes form excited state dimers (excimers). Excimers show a
shift in emission wavelength and a signal increase can be observed upon target
binding when monitoring the dimer emission wavelength. An example of the
application of an excimer label is given by the bis-pyrene-labelled aptamer,
described in Sect. 2.2.2.
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2.3.3 Modular Designs

In all biosensor types described so far, target recognition and signal transduction are
in a single protein or nucleic acid recognition element. However, another option is a
modular design, in which additional transducing elements are introduced into the
same molecule to create a functional signal transduction mechanism. This is
realized, for example, with a peptide or protein domain that binds to the recognition
element only in the ligand-bound form (Fig. 2.2e). Target molecule binding brings
the recognition domain and the interacting domain in close proximity, which can
be converted to a fluorescence signal, for example, by a FRET pair. This principle
is the basis for a group of genetically encoded, Ca** biosensors (cameleons)
[42, 57]. They consist of calmodulin (CaM) as the recognition element and a
calmodulin-binding peptide derived from myosin light chain kinase (M13), which
are fused to either BEP/GFP or CFP/YFP as a FRET pair. Binding of Ca** to CaM
induces wrapping of CaM around the M13 peptide. This conformation change
brings the FPs into closer proximity and increases FRET. Calmodulin has four
Ca®* binding sites with a large difference in affinity (>100-fold) between the
binding sites in the N- and C-terminal domain. This enables the biosensor to report
a very wide range of Ca®* concentrations (<10~ to >10"* M), which could be
further increased by mutations in CaM to create versions with different affinities
[42]. An example of these Ca®* biosensors being applied to a motility system is a
study in live Caenorhabditis elegans, where they have been used to measure Ca**
transients in pharyngeal muscle [58]. Since the first cameleons were described,
several new versions of CaM-based biosensors have been developed with improved
characteristics such as increased brightness and dynamic range, improved
pH-stability, folding efficiency and photostability [59, 60].

Another type of modular biosensor design has been described using an intramo-
lecular ligand analogue together with the recognition domain [14] (Fig. 2.2f). In
these semisynthetic sensors, the ligand analogue is coupled to the recognition
protein using a genetically encoded SNAP-tag. In the absence of a target, the ligand
analogue occupies the binding site of the recognition element giving the biosensor a
closed conformation. The target molecule competes off the intramolecular ligand
leading to an open conformation. The signal readout is by FRET, whereby one
fluorophore is introduced on the linker of the ligand analogue and a second
fluorophore is either an FP or a dye coupled to another self-labelling tag (CLIP-
tag). Several examples of these biosensors, including ones for glutamate and
GABA, have been described [13, 61, 14, 62].
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2.4 Other Considerations: Suitability to Particular Types
of Assay

Most of the description of biosensor development so far has concentrated on the
overall design process. Some of the basic properties of fluorescent biosensors,
which are important in terms of their applicability, are discussed below.

2.4.1 Fluorophore

Important properties of the fluorophore are the wavelength and whether it is (or they
are) suitable for the selected type of readout, such as environmental change of
fluorophore or FRET. Interference with the fluorescence signal can be a problem,
and this may depend on the type of assay intended. For example, are the wave-
lengths compatible with other components of the assay, or do other components
absorb light and so may be damaged by the high intensity of exciting light?
Generally, fluorophores with longer excitation and emission wavelengths are less
prone to artefacts due to optical interference.

The sensitivity of the assay is in part dependent on the choice of fluorophores,
the inherent signal change and the intensity of exciting light. An inherently large
fluorescence change, usually severalfold, is desirable with a preference for a fluore-
scence increase rather than decrease. For a biosensor with a single fluorophore, a
large change in fluorescence quantum yield is needed to report on a change in the
environment of the fluorophore. Choice of FRET pairs depends on the overlap of
the spectra, and the literature cited in this review gives a number of suitable pairs of
fluorescent proteins. However, as pointed out already, labelling a protein with two
different chemical dyes can be a challenge.

Fluorophores with high extinction coefficient and high quantum yield (at least in
the high fluorescence state) will increase the photons available for detection. High
intensity of exciting light can also increase sensitivity, but the usable intensity may
depend on the photostability of assay components, particularly the fluorophore,
together with the time that the irradiation must be maintained. In single-molecule
experiments where laser excitation is used, many fluorophores are photobleached
after a few seconds. On the other hand, when exciting by, for example, mercury
lamps used in some fluorimeters and stopped-flow apparatuses, the same
fluorophore may be stable for many minutes: with lower power xenon lamps
stability may be many hours.

Finally, the size of the fluorophore might be an important factor. Fluorescent
dyes that are bright and absorb and emit at long wavelengths are generally larger
than shorter wavelength variants and this might affect the recognition element
negatively. For example, a large (and hydrophobic) fluorophore may limit the
solubility of the biosensor.
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2.4.2 Recognition Element

In the case of a protein framework, in particular, a good starting point is using a
protein which has a known high-resolution structure to aid design and is robust to
ensure stability. Important general properties must also be considered, including the
concentration range that a biosensor can measure, the sensitivity of the detection
and how fast it can respond to changes in concentration. A titration under the
experimental conditions of the actual assay will give information about these
factors, as shown as an example in Fig. 2.1c for the P; biosensor.

Another point to consider is whether other components in the assay may produce
a response by interacting with the recognition element. The ADP biosensor men-
tioned above is an example in which this problem has been overcome to allow
measurement of ADP in the presence of structurally similar ATP [6].

Different types of assay require measurements over different concentration
ranges: this might be “as low as possible” for many measurements in vitro, but
much higher to reproduce cellular conditions. In the case of protein-based bio-
sensors, in particular, there is a rational approach to vary the concentration range by
varying the affinity of the protein for the target. This was demonstrated, for
example, for a P; biosensor [52] or Ca”" biosensors [42, 44]. An issue then becomes
reagent usage and cost, versus sensitivity. A tight-binding biosensor may bind the
target stoichiometrically under assay conditions, and it needs to be in excess over
the target analyte. By weakening the affinity, the biosensor can be used sub-
stoichiometrically, as it now responds to changes in target concentration on either
side of the dissociation constant [56]. Going sub-stoichiometric reduces sensitivity
but also reduces reagent usage and cost.

2.4.3 Time Resolution

For time-resolved measurements, the speed of response is important. For simple
reagentless biosensors, based on ligand binding, the speed depends largely on the
kinetics of association and dissociation. Real-time measurements of motor proteins
require biosensors that have a rapid response: many motor proteins, for example,
hydrolyze ATP at >100s~' and move in >100 steps s~ '. Ideally a biosensor should
have a response severalfold faster than the process being assayed to ensure the
observed rate is purely that of the motor protein. If a high speed of response is
required, then characterization may need to include the rate of binding: an example
trace is shown in Fig. 2.1d for P; binding to the P; biosensor in tens of milliseconds.
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2.4.4 Biosensors for Cellular and Single Molecule Studies

Apart from hybridization probes, which are applied in situ, and genetically encoded
sensors, most biosensors are currently used mainly in vitro. This has several
practical reasons, including difficulty of getting a functional biosensor into a cell.
The choice of label is furthermore limited by the fact that many different, physical
environments exist within a single cell. These could affect the behaviour of
fluorophores leading to high background and rendering environmentally sensitive
fluorophores inapplicable. In addition, discrimination may be needed against many
molecules present within the cytoplasm, and there may be a wide range of concen-
trations of the target molecule in different subcellular compartments. It thus
remains a major challenge to develop probes for measuring precise concentrations
in live cells.

For transferring assays to single-molecule formats, such as total internal reflec-
tion fluorescence microscopy (TIRFM), immobilization of the fluorophore on the
surface may be sufficient to obtain the readout, rather than actual fluorescence
enhancement. Such a strategy was used to measure helicase unwinding
(Sect. 2.5.6), whereby the environmentally sensitive coumarin fluorophore used
for solution studies was replaced by a cyanine dye with relatively constant high
quantum yield for TIRFM [63]. This also had the advantage of two other properties
favourable for TIRFM, namely, a much more stable fluorophore and a higher
wavelength.

2.5 Applications to Motor Proteins

2.5.1 Regulation: Calcium

A distinct application of biosensors and similar probes to motor proteins has been to
monitor levels of molecules involved in regulation. Possibly the most-used class of
small molecule indicators are those for calcium ions. A series of papers from Tsien
described a range of such indicators with improved performances, such as the indo
and fura series [64, 65]. These are based on an aromatic core containing multiple
carboxyl groups, which form a complex with the calcium ion, inducing a fluores-
cent conformation in the indicator molecule. A key feature is their selectivity for
calcium over magnesium, together with an affinity for calcium that allows the
indicators to measure concentrations relevant for cell signalling, ranging from
sub-micromolar to micromolar. These probes have been widely used, and early
examples of their application in the muscle field were to obtain time-resolved
information, especially in smooth muscle, in order to understand the control of
contraction by calcium [66, 67]. An example is work that combined the use of the
calcium indicator, fluo-3 [68], with caged compounds (Fig. 2.3a). The timed
sequence of activation events for permeabilized smooth muscle was measured
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Fig. 2.3 Use of sensors to measure changes in target molecule concentration during activation of
muscle contraction. (a) A Ca®* sensor, fluo-3, was used to measure a Ca’* transient leading to
activation of smooth muscle force generation after release of inositol trisphosphate by photolysis
of caged IP3 [69]. (b) A P; biosensor, used to measure ATP usage during generation of force in
striated muscle. Activation of the glycinerated muscle cell is by photolysis of caged ATP [70]. The
spike at zero time is the flash photolysis artefact. The vertical, dashed line represents turnover of
one ATP per myosin head (~150 pM) within the fibre, showing that most tension is generated
concurrently with that first turnover

following rapid release of inositol trisphosphate (IP3) from its caged precursor [66,
69]. The IP3 concentration jump was followed by an increase in calcium, then in
turn by muscle contraction.

2.5.2 Mechanism

Biosensors have also provided a way to get detailed, time-resolved information
about motor protein mechanisms. Although some questions are likely to vary
between different types of motors, there are some shared questions, particularly
for linear motors, in which ATP hydrolysis drives movement along a track. A large
number of such linear motors comprise those that move along DNA, such as
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helicases, and those that move along protein tracks, especially myosins on actin
filaments, and kinesins and dyneins along microtubules. One common question for
such linear motors is that of the processivity: how far the protein moves along the
track before dissociation. A second question relates to the step size and how it is
coupled to ATP hydrolysis. “Step size” can have various meanings, including what
distance is moved for each discrete step: often the smallest discernible step comes
out of single-molecule measurements. However, another type of step size describes
how far the motor moves for each ATP used, and this can be designated as the
“ATP-coupling step size”. That leads to considerations of the efficiency of the
motor and how movement is affected by load. An additional question, common to
the different types of motor, linear or rotary, concerns mechanochemical coupling
that understands how the ATPase cycle relates to movement, especially through
protein conformation changes.

As described in Sect. 2.1, reagentless biosensors are particularly suited to
measure reaction products, as they have only minimal impact on the system being
studied. These types of measurements have played a significant part in understand-
ing motor protein mechanism and defining their properties, particularly in respect to
measuring the products of ATP hydrolysis. However, helicases unwind their
nucleic acid track, making it possible to measure the extent of unwinding using a
biosensor which binds the single-stranded DNA product of unwinding (see
Sect. 2.5.6). In the case of protein tracks, such a measurement would be more
difficult, because the motor proteins generally do not alter the track but also because
it is more challenging to obtain protein tracks of uniform length in comparison with
nucleic acids, where production of defined lengths is possible.

Because of its high speed, variants of the phosphate biosensor [1, 54] have been
widely used to probe the ATP hydrolysis: under some conditions, its application
gives the ATP usage relative to the extent of movement [5]. It also allows inves-
tigation of the P; release step of the ATPase cycle of myosins [70, 4], kinesins [3]
and helicases [71], which may be a key step in the transduction to produce
movement and which otherwise is a difficult step to measure. Some specific
examples of this detailed probing of ATP hydrolysis are discussed below.

2.5.3 Time-Resolved Measurements: Steady-State Kinetics

The simplest type of kinetic measurement is often to measure steady-state rates
with the enzyme undergoing multiple turnovers. In the case of motor proteins, the
concept is not quite straightforward as there is both movement and ATP hydrolysis
that each can reach a steady state at different times. Although detailed interpretation
of such measurements may be limited, steady-state measurements can provide a
simple, reproducible measure of activity and a way to get basic kinetic parameters
and information on the effectiveness of inhibitors. An example is given in Fig. 2.4a,
in which the P; biosensor is used to measure the ssDNA-activated ATPase activity
of the helicase PcrA. The dependence on ATP concentration gives the basic
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Fig. 2.4 P; sensor used to measure PcrA helicase activity. (a) Steady-state ATPase assay with
ssDNA, showing rate at micromolar ATP concentrations. The inset shows the concentration
dependence of the ATPase rate, normalized to PcrA concentration (C.P. Toseland and M. R.
Webb, unpublished). (b) Single-turnover measurement of mantATP binding (step 1 of inset with P.
D being PcrA.DNA complex), cleavage (step 2), P; release (step 3) and mantADP release (step 4)
during dsDNA unwinding with RepD and PcrA. Solid line: mant fluorescence, showing mantATP
binding (fluorescence increase) and subsequent mantADP release (decrease). Circles: quench-
flow/HPLC measurement of mantATP cleavage. Dashed line: P; release, measured using a P;
biosensor [71]

Michaelis—Menten parameters. The maximum rate gives a k., value of ~20 s L

However, this rate constant does not relate to ATPase activity during movement,
but rather is limited by recycling the PcrA off the end of ssDNA and rebinding to
another DNA strand. The ATP hydrolysis rate during translocation, obtained by a
measurement analogous to that in Sect. 2.5.4, is severalfold faster [5].
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2.5.4 Single-Turnover Measurements

For reasons outlined above, well-defined tracks in terms of length can be produced
for experiments involving nucleic acid motors. The phosphate biosensor [1]
enabled the measurement of ATP usage in real time, while a DNA helicase,
PcrA, translocated along a single-strand track of known length [5]. This method
was then adapted to measure ATP usage during complete plasmid unwinding by
this helicase (Fig. 2.5) [72]. The P; produced can be correlated with the precise
length of DNA: in this case the ATP-coupled step size is that one ATP is required
for each base pair unwound.

A similar measurement cannot be done with a protein track, but nevertheless,
measurement of ATP usage in a glycerinated muscle fibre was achieved [73]. In
such preparations, the membrane of the muscle cell is disrupted, allowing intro-
duction of the P; biosensor and caged ATP. Both tension and P; production could be
measured in real time, following laser flash photolysis to release ATP (Fig. 2.3b).
These types of measurement allowed the relationship between P; release and force
generation to be investigated: in skeletal muscle, there is a close correlation of these
processes.

Although P; measurements form the large majority of single-turnover measure-
ments, ADP biosensors have also been used. Analogous to the use of the P;
biosensor, an ADP biosensor, or more correctly ADP/ATP ratio biosensor [35],
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has been used to measure ADP release from myosin within muscle fibres [74]. A
different ADP biosensor [6] has been applied to the SecA kinetic mechanism: this
protein moves relative to a peptide chain and is responsible for exporting proteins
through bacterial membranes [75].

2.5.5 Mechanochemical Coupling

Particularly because of the correlation of P; release with force generation in muscle,
it has been important to consider P; release as a potentially important process in the
ATPase cycle of motor proteins, when aiming to understand the detailed mecha-
nochemical coupling. Both ADP and P; biosensors have been featured in studies of
individual steps in the biochemical cycle of ATP hydrolysis. However, other
methods such as fluorescent ADP analogues are available for measuring ADP
release. An example of a P; release measurement is shown in Fig. 2.4b for PcrA
helicase. The experiment shows a single ATPase cycle of PcrA in the presence of
double-stranded DNA, whereby a combination of measurements gave kinetic data
on ATP binding, cleavage, P; release and ADP release [71]. A fluorescent ATP
analogue was used to obtain signals for ATP binding and ADP release. Quench-
flow measurement gave a direct measure of cleavage. P; release, in this case, had the
same kinetics as cleavage, and ADP release was also similar, indicating that ATP
cleavage is the rate-limiting step followed by rapid release of both products, ADP
and P;.

2.5.6 Measurement of Movement

As indicated above, biosensors are less often useful to measure motor protein
movement. However, because helicases unwind double-stranded nucleic acids to
give a single-stranded product, this change can be monitored. One way has been to
use dsDNA-binding dyes to monitor this reaction [76], although there are potential
problems as the substrate is altered, and the dye may affect the movement of the
helicase. SSB binds highly selectively to ssDNA, a property which has been
harnessed to probe DNA helicase activity. A fluorescent version, therefore, acts
as an ssDNA biosensor, giving a fluorescence increase on binding to ssDNA
[34]. This type of approach has been used to measure DNA unwinding in solution
[72] (Fig. 2.5) and in a single-molecule format using TIRFM [63].
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2.6 Summary and Future Directions

Fluorescent biosensors have facilitated new types of measurements for motor pro-
teins, as well as for other systems, and so have greatly helped our understanding of
such systems. However, often developments of biosensors have been driven by
commercial applications, such as high-throughput drug screening, so the ease of
preparation and the cost of production are likely to be important design consider-
ations. Commercial applications, even more than in basic research, require sim-
plicity and robustness, as well as affordability. Simplicity comes from both ease of
application and large signal size. There are an ever increasing number of ways to
design biosensors, some aimed at simplicity, but others, such as aptamers, having
the advantage of being easily adapted to new targets. In most cases, there is unlikely
to be, at least for a while, a universally applicable biosensor for any target, because
different types of assays diverge greatly in what biosensor properties are most
suitable.

Targets that are widely assayed are likely to continue to be addressed by new
biosensors. Examples include important signalling molecules, such as glutamate,
and important products of enzymes that are drug targets, such as ADP for kinases.
Within the motility field, faster biosensors would aid real-time measurements. New
biosensors for regulatory molecules other than calcium are desirable, especially if
suitable for intracellular measurements. In the broader sense of motor proteins,
assays for polymerases would benefit from a biosensor that is specific for pyro-
phosphate. While ingenuity can potentially lead to a wide array of biosensors with
varying complexity, it is likely that the ones that can be applied simply and easily to
assays for such molecules will also have widespread appeal.
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