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The Thermotoga maritima arginine-binding protein (TmArgBP) has been modified to create a reagentless
fluorescent protein biosensor. Two design methods for biosensor construction are compared: 1) solvent
accessibility of environmentally-sensitive probes and 2) fluorescence deactivation due to photo-induced
electron transfer (PET). Nine single cysteine TmArgBP mutants were created and labeled with three
different environmentally sensitive fluorescent probes. These mutants demonstrated limited changes in
fluorescence emission upon the addition of arginine. In contrast, the PET-based biosensor provides
significant enhancements over the traditional approach and provides a fluorescence quenching mech-
anism that was capable of providing quantitative detection of arginine. Site-directed mutagenesis of
TmArgBP was used to create attachment points for the fluorescent probe (K145C) and for an internal
aromatic residue (D18X) to serve as the PET quencher. Both tyrosine and tryptophan, but not phenyl-
alanine, were able to quench the emission of the fluorescent probe by more than 80% upon the addition
of arginine. The dissociation constant for arginine ranged from 0.87 to 1.5 uM across the different sensors.
This PET-based strategy provides a simple and broadly applicable approach for the analytical detection of
small molecules that may be applied to any protein that exhibits conformational switching in a ligand

dependent manner.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Argininemia (omim.org — 207800) is a rare autosomal recessive
genetic disorder caused by an arginase enzyme deficiency that af-
fects the last step of the urea cycle in mammals [1,2]. Elevated
plasma levels of L-arginine (L-Arg) clinically present later in
childhood in a variety of neurological manifestations, including
developmental regression, seizures, and progressive spasticity [2].
Treatment usually consists of nutrient restriction combined with
phenylbutyrate or benzoate as an ammonia scavenging agent [3].
Detection of L-Arg levels in plasma and tissue is typically performed
using HPLC and requires a derivatization step [4]. Here, we describe
a reagentless fluorescent biosensor for the detection of L-Arg using
a rationally redesigned protein.
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Engineered proteins have been utilized for the detection of
biochemically interesting small molecules [5,6]. Bacterial peri-
plasmic binding proteins (PBPs) are part of the toolkit being
established for measuring natural and synthetic analytes [7—11].
PBPs are a class of soluble, microbial receptors associated with two
component transport systems that couple ATP hydrolysis to the
passage of extracellular metabolites into the cell [12,13]. Impor-
tantly for biosensor design, PBPs exhibit high selectivity for a va-
riety of ligands essential for metabolism, chemotaxis, and signal
transduction [14]. Ligand binding commonly produces a global
conformational switch from open to closed state that has been
monitored by a variety of fluorescence-based tagging strategies.
Coupling of the conformational switch with a change in fluores-
cence intensity has been utilized for the analytical detection of
many sugars, anions, and amino acids [5,7—9,11,15].

To advance the engineering opportunities of PBP-based sensors,
some research groups have turned to genome mining of thermo-
philic microorganisms for the discovery of new protein scaffolds
that may offer additional physicochemical stability. Our work has
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Abbreviations

PBPs Periplasmic binding proteins

TmArgBP Thermotoga maritima arginine-binding protein

PET photo-induced electron transfer

ABD 4-fluoro-7-aminosulfonylbenzofurazan

NBD N-(((2-iodoacetoxy)ethyl)-N-methyl)amino-7-
nitrobenz-2-oxa-1,3-diazole (IANBD amide)

Ky Stern-Volmer quenching constant

kq bimolecular quenching constant

focused on the characterization of a new arginine-binding protein
from Thermotoga maritima (TmArgBP) [16—18]. This thermostable
protein may be a good candidate for development as an arginine
biosensor due to its structural resilience even under strong dena-
turing conditions [16,19]. Our structural determination of TmArgBP,
as well as an initial screen of several single tryptophan mutants of
TmArgBP, allowed us to begin to identify sites on the protein that
may be exploited for the analytical detection of arginine.

This work investigates a rational approach to PBP biosensor
design using the TmArgBP conformational switch to modulate
fluorescence emission in an arginine-dependent manner. We first
employ a traditional approach to ligand detection through inserting
single cysteine residues at selected locations around the protein.
Environmentally sensitive fluorophores are then covalently
attached via thiol-reactive linkages and used to report changes in
their protein environment through short-range or long-range
dipole-dipole interactions [20]. While this traditional approach to
biosensor design appears straightforward, a theoretical framework
that accurately matches location and fluorophore to yield a satis-
factory ligand-dependent change in fluorescence intensity has
been elusive. Alternative methods including the use of FRET, fluo-
rescence proteins, and excitonic interactions have been applied to
the creation of new protein biosensors [15,21—24]. Yet these
methods can result in low signal changes and/or require complex
purification protocols.

Here, we adapted photo-induced electron transfer (PET) as a
reporter mechanism to directly link the PBP conformational dy-
namics to fluorescence intensity changes. In this study, we found
that a significantly better fluorescence response may be achieved
by inserting individual aromatic residues on the opposite lobe of
the protein from the reporter molecule to serve as a quencher of
fluorescence intensity upon ligand binding. In this way, we couple
arginine-dependent conformational flexibility with changes in the
fluorescence intensity. We demonstrate that PET is a beneficial tool
in the development of a reagentless bioassay for arginine. Further,
this PET-based strategy provides a simple and broadly applicable
approach for the analytical detection of small molecules using any
protein that exhibits conformational switching in a ligand depen-
dent manner.

2. Experimental section
2.1. Preparation of TmArgBP mutants

Primers were designed for the T. maritima TM0593 gene
encoding the arginine-binding protein and used for cloning into the
Ndel-BamHI restriction sites of pET21a (Novagen, Madison, WI) as
previously described [18]. The N-terminal signal sequence and stop
codons were removed to create a C-terminal translational fusion
with a Hisg tag under the control of an IPTG-inducible promoter

system. Point mutations were introduced into the construct by
inverse PCR amplification of the template, as previously described
[25,26]. Mutations were confirmed by DNA sequencing (VCU
Nucleic Acid Research Facility, Richmond, VA). TmArgBP mutants
were expressed in E. coli Origami Rosetta, a BL-21 derived strain,
and initial purification was performed using thermos-precipitation
at 65 °C and centrifugation (13,000 rpm, 25 min) to remove debris.
The supernatant was further purified using Ni-NTA affinity chro-
matography. The yield of TmArgBP was ~400 puM per liter of culture.
Protein purity was checked using SDS-PAGE and molecular weight
was verified by MALDI mass spectrometry. Purified TmArgBP mu-
tants were dialyzed (molecular weight cutoff, 10,000 Da) for 5 days
at 4 °C to remove bound arginine and to equilibrate the samples in
5 mM phosphate buffer (pH 7.0). Model visualization of the
TmArgBP structure was performed using PyMOL [27].

2.2. Preparation of fluorophore-bound TmArgBP single cysteine
mutants

Protein at a concentration of 20 uM in 5 mM phosphate buffer
(pH 7.0) was incubated overnight with a four-fold molar excess of
thiol-reactive fluorophore at 4 °C in the dark. The environmentally
sensitive probes HiLyte, DyLight, acrylodan, NBD, and ABD, were
used to covalently modify TmArgBP mutants. Unreacted fluo-
rophore was separated from the labeled protein using Econo-Pac
10DG (BioRad, Hercules, CA) columns pre-equilibrated with 5 mM
phosphate (pH 7.0). Acrylodan and NBD were purchased from
Invitrogen/Molecular Probes (Carlsbad, CA). ABD and HiLyte Fluor
were purchased from Anaspec, Inc (Fremont, CA). DyLight Fluor
was purchased from Thermo Scientific (Waltham, MA). Fluo-
rophores were first dissolved in dry DMSO (20 mM) and used for
the labeling experiments without further purification.

2.3. Steady-state fluorescence

Ligand-induced changes in fluorescence intensity were
measured on a Varian Cary Eclipse spectrofluorometer in the
absence and in the presence of arginine. Titrations of conjugated
protein (1 uM) in 5 mM phosphate buffer, pH 7.0, were performed
using a quartz cuvette with an arginine concentration range from
0 to 130 puM. Excitation wavelengths were 415 nm for ABD, 478 nm
for NBD, and 426 nm for acrylodan. A minimum of three experi-
mental trials were averaged for the calculation of dissociation
constants. All data analysis was performed using the Origin 7.0
software package (OriginLab Corporation, Northampton, MA).

2.4. Time-resolved fluorescence spectroscopy

A Chronos time-domain spectrofluorometer (ISS, Champaign,
Illinois) was used to measure time-resolved data for the TmArgBP
mutants. Excitation of the ABD fluorophore was performed using a
diode laser at 415 nm with pulse width of 70 picoseconds. Emission
was detected through a magic angle polarizer (54.7°) and appro-
priate long-pass filters. All measurements were taken at 22 °C. Data
collection and analysis was performed via the Vinci Multidimen-
sional Fluorescence Spectroscopy software supplied with the
instrument.

3. Results and discussion

3.1. Environmentally-sensitive probes produce limited fluorescence
response for Arg binding

While there is limited sequence identity among PBPs, this su-
perfamily is characterized by a common overall structural fold
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consisting of two globular domains linked by a hinge region that
facilitates large bending and twisting motions of the two domains
upon ligand binding [28—31]. Consistent with this model, we found
that the structure of TmArgBP shifts from a ligand-free, open
conformation, to a closed, ligand-bound conformation, upon the
addition of r-arginine (Fig. 1) [32]. This switch between the open
and closed conformations has been utilized by a number of
research groups for the construction of fluorescent protein sensing
systems. A common procedure used to measure ligand binding to a
protein is to select amino acids that are located within or around
the ligand binding pocket for placement of a fluorescent reporter
group. Alternatively, areas away from the binding pocket (allosteric
sites) that are predicted to undergo significant changes in solvent
accessibility following ligand binding have been successfully uti-
lized as well. Wild-type TmArgBP does not contain any Cys resi-
dues, and single Cys mutations were introduced by site-directed
mutagenesis to serve as attachment points for thiol-reactive envi-
ronmentally sensitive fluorophores. We selected 5 locations based
on a previous biophysical study of this protein using limited
sequence homology to the Escherichia coli glutamine binding pro-
tein [33]. The remaining 4 locations were chosen based on an
analysis of the x-ray crystallographic structural data recently re-
ported for TmArgBP [32].

Three environmentally-sensitive fluorophores, ABD, NBD, and
acrylodan, were investigated for their ability to signal arginine
binding to TmArgBP (Fig. 2). Nine amino acids were chosen from
solvent-exposed regions of TmArgBP and were individually
mutated to determine the optimal position for reporting on argi-
nine binding. Four of the mutations (G75C, M76C, Q97C, V98C)
were peristerically located inside the arginine-binding pocket.
Modest changes (<30%) in fluorescence intensity upon ligand
binding were measured for the acrylodan modified proteins, while
almost no change in emission intensity was observed at these sites
for the NBD and ABD probes. The remaining mutations are located
outside the pocket and showed little change in fluorescence in-
tensity with any of the fluorescent probes. Consequently, this
limited series of mutations did not provide a satisfactory change in
emission intensity for the detection of arginine binding to TmArgBP.

While additional sites could have been selected for further
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Fig. 2. Changes in fluorescence intensity of single and double mutants of TmArgBP.
TmArgBP mutants (1 pM) were covalently modified with the environmentally-
sensitive probes: NBD, ABD, or acrylodan. Fluorescence emission intensity of labeled
protein was measured in the absence and in the presence of 100 uM arginine. The
normalized change in fluorescence after binding arginine was calculated as AF/F, = 53¢
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mutagenesis studies, a confounding factor is represented by our
observations for TmArgBP:T127C. Interestingly, T127C-NBD
demonstrated an increase in fluorescence (+27%) upon the addi-
tion of arginine, whereas an average decrease in emission intensity
(—20%) was observed for the same mutant bound to a different
environmentally-sensitive fluorophore (T127C-acrylodan). This
result demonstrates the complicated empirical nature of selecting
both the optimal site of probe attachment and the specific identity
of the fluorophore when evaluating the potential efficacy of such a
biosening system. Consequently, a better-defined theoretical

Fig. 1. TmArgBP conformational changes in the absence (PDB ID: 4PRS) and presence (4PSH) of arginine. The a-carbons of amino acids used for the covalent ligation of ABD, NBD, or
acrylodan are depicted as yellow spheres. Figure generated by PyMOL [27]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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framework for more efficient construction of fluorescent protein
biosensors is needed.

3.2. Fluorescence quenching using photo-induced electron transfer
(PET) to report on ligand binding

One method of reporting protein conformational dynamics is
through photo-induced electron transfer (PET) [34,35]. Electron
donors, such as the aromatic amino acids, can participate in short-
range interactions via m-stacking, hydrogen bonding, and van der
Waals dynamics with a fluorophore. The ability to undergo electron
transfer is a function of the oxidation and reduction potentials of
the electron donor and acceptor [20,34]. In the arginine biosensing
system described here (Fig. 3), the open conformation of the
TmArgBP prevents the electron donor-acceptor bridge from form-
ing and fluorescence emission is allowed to occur normally (on-
state). Upon the addition of arginine, electron transfer is predicted
to occur from the aromatic amino acid to fluorophore when the two
moieties are in close proximity which results in quenching of the
fluorescence emission (off-state). PET contrasts with another
distance-dependent mechanism, Forster resonance energy transfer
(FRET). With FRET the distance dependence for energy transfer
from donor to acceptor is typically between 1 and 10 nm [36];
whereas in PET, donors and acceptors are brought into sub-
nanometer proximity facilitating electron transfer that results in a
decrease in fluorophore quantum yield (i.e., fluorescence emission
quenching) [34].

3.3. PET quenching of TmArgBP K145C coupled to ABD or NBD
In the present study we took advantage of the large conforma-
tional change exhibited by TmArgBP that occurs following ligand

binding. We determined the change in distance between all -
carbons in the open and closed states (i.e., before and after binding
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arginine). We found that in the open conformation the separation
between a-carbons for K145 and D18 was 18.6 A, while they are
only 3.9 A apart in the closed conformation. Based on this structural
analysis, we inserted a Cys residue at K145 and a series of aromatic
amino acids at D18 in the protein structure. We predicted that the
aromatic amino acid will donate an electron to the excited fluo-
rophore as the two groups come into close proximity following
arginine binding (Fig. 3). Based on the known amino acid reduction
potentials, Trp and Tyr were expected to be more efficient PET
electron donors than Phe [20]. Previous work has shown that ar-
omatic amino acids are able to quench the fluorescence emission of
several different types of fluorescent moieties via a PET-based
mechanism [34,37,38]. In particular, a PET mechanism has been
extensively characterized for quenching of NBD-based chemo-
sensors [39—42]. The theoretical basis for PET between NBD and
Trp has been established previously [42]. The rate of the PET re-
action is governed by the ground and excited state energies of the
redox partners and may be estimated using the Rehm—Weller
equation [43]. Oxidation and reduction potentials were used to
estimate the AG for PET between —13 and —15 kcal mol~!, which
indicates that electron transfer between NBD and Trp is a ther-
modynamically allowable process [42]. Because the literature
values for redox potentials of Tyr and Trp are similar, a similar
estimation demonstrating the thermodynamic feasibility for PET
between Tyr and NBD may be performed.

We first established a baseline change in fluorescence emission
for either ABD or NBD covalently attached to TmArg containing a
single point mutation at K145C. Upon the addition of arginine, ABD
and NBD emission intensity decreased by a modest 19% and 6%,
respectively (Fig. 2). Next, we constructed a double TmArgBP con-
taining K145C and a second mutation at D18X, where X was either
Trp, Tyr, or Phe. Our models of this system showed that this change
in distance should provide adequate spacing for PET quenching
even with the additional atoms from the side chains.
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Fig. 3. Residues involved in PET interactions. (Top) TmArgBP residues at positions 18 and 145 are shown in the open and closed (ligand-binding) conformations as yellow space
filling model, left and right, respectively. Arginine is depicted as a red stick structure in the TmArgBP closed binding pocket on the right. (Bottom) PET sensing scheme based on the
conformational changes exhibited by TmArgBP in the absence and in the presence of arginine. Figure generated by PyMOL [27]. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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The TmArgBP double mutants were labeled with either NBD or
ABD and the change in fluorescence measured in the absence and in
the presence of arginine (Fig. 2). Since both measurements are
made on the same sample, small differences in the fluorophore
labeling efficiency should not impact the relative fluorescence
measurements and analysis. K145C:D18Y covalently bound to ABD
displayed an 85% decrease in fluorescence emission upon addition
of 100 uM arginine, and a 39% decrease with NBD attached. This
means that insertion of the Tyr residue caused a 4.5-fold change in
the observed AF/Fy compared to the single K145C-ABD mutant.
Although the magnitude of the NBD emission intensity is lower,
these data indicated a 6.5-fold change for the protein modified with
NBD. Similarly, TmArgBP K145C:D18W modified with ABD
demonstrated an 81% decrease upon the addition of arginine, and a
58% decrease with NBD as the probe. In contrast, the K145C:D18F
bound with ABD showed only a 34% decrease in emission intensity
with the addition of arginine, and no measurable decrease with
NBD. Since the reduction potential of Phe is known to be lower in
comparison to tryptophan and tyrosine, the decrease arginine-
dependent quenching of fluorescence emission was expected [34].

Due to the short distances between the fluorophore and aro-
matic moieties required to produce efficient quenching of the
emission intensity, the data suggest that the PET mechanism is
responsible for the arginine-dependent decrease observed. Because
we employed the environmentally-sensitive probes NBD and ABD
in these measurements, we cannot completely rule out the impact
that local polarity effects had on the observed changes in the
fluorescence signal following the insertion of an aromatic residue.
However, based on the measurements with NBD attached to the
double mutants, a PET quenching mechanism better explains the
data. Based on the reduction potentials of Trp and Tyr, we predicted
that these aromatic amino acids would show larger PET-based
quenching of the fluorescence emission. The absence of any
measureable change in fluorescence with the insertion of a Phe
residue, which has a much lower reduction potential while still
being a nonpolar, aromatic amino acid, suggests that a PET mech-
anism rather than micro-environmental changes in polarity is be-
ing observed.

Having established that the aromatic amino acids Tyr and Trp
produced very high levels of fluorescence quenching, the emission
spectra of the K145C double mutants were measured and the
dissociation constants were determined upon titration with argi-
nine (Fig. 4). From these data, we calculated a dissociation constant
for arginine of 0.89 + 0.13 uM and 0.87 + 0.21 uM for the
K145C:D18W-ABD and K145C:D18Y-ABD protein sensors, respec-
tively. A slightly higher dissociation constant was measured for the
sensors conjugated with NBD of 1.4 + 0.4 uM and 1.5 + 0.3 uM,
respectively. Based on the binding constant determined for argi-
nine of the PET-based sensor described here, serial dilution of a
sample may be necessary to accurately estimate arginine levels,
since the concentration of arginine in human plasma is approxi-
mately 40 uM [44]. In contrast, no change in fluorescence emission
was detected upon the addition of structurally similar amino acids
L-glutamine, L-lysine, or L-histidine (data not shown), which
demonstrates the specificity of the TmArgBP.

Previous work has shown that fluorescent probes containing a
xanthene group may also produce PET-based quenching. Hilyte
(AnaSpec) and Dylite (Thermo Scientific) fluorophores contain a
xanthene ring system and thiol-reactive versions of these probes
were covalently attached to TmArgBP K145C:D18X. However, we
did not detect any changes in fluorescence intensity upon binding
arginine in combination with any of the aromatic resides at position
D18. This finding was unexpected, and may potentially be attrib-
uted to an undetermined steric influence exerted by the protein in
the closed conformation that does not allow proper contact

between the bulkier xanthene ring structures of these fluorescent
probes and the aromatic quenchers.

3.4. Time-resolved fluorescence intensity decay

Time-resolved fluorescence intensity measurements were per-
formed for K145C:D18Y and K145C:D18W double mutants cova-
lently modified with ABD because these mutants produced the
largest decrease in emission intensity (Table 1). Both proteins with
and without arginine were best fit by a bi-exponential model,
although the second fractional lifetime component (t3) accounted
for >93% of the emission intensity decay in all cases. In the absence
of arginine, the fluorescence emission lifetime of ABD bound to
both mutants was approximately 6 ns? When attached to the
TmArgBP K145C:D18Y mutant, the lifetime decreased as expected
upon the addition of arginine. In contrast, an increase in the ADB
lifetime was observed for TmArgBP K145C:D18W mutant upon the
addition of arginine. The limited lifetime data presented in Table 1
may be combined with the data from Fig. 2 showing the decrease in
emission intensity in order to begin to understand the nature of the
PET quenching processes being observed. If the ratio of average
lifetime in the absence and in the presence of arginine is similar to
the ratio of the fluorescence emission (as a proxy of quantum yield)
measured with and without arginine, then a dynamic quenching
may be dominant. Alternatively, if the ratio of average lifetimes is
near unity, while the fluorescence emission ratio is much larger,
then static quenching may better describe the PET mechanism that
results from the closer proximity of the fluorophore and aromatic
quencher upon the addition of arginine [36]. Using the data from
Table 1, the ratio of average ABD lifetimes in the absence and in the
presence of arginine is 1.20 and 0.84 for the Tyr and Trp TmArgBP
mutants, respectively. Whereas, using the data from Fig. 2 (right
panels), the ratio of fluorescence emission in the absence and in the
presence of arginine is approximately 6 for both systems. This in-
dicates that static quenching is likely the dominate mechanism
responsible for the emission decreases observed for both systems.
This kind of quenching analysis has been observed following for the
close interactions of other donor-quencher pairs as well [45]. An
interesting and unexpected result from this data is that the average
lifetime for the TmArgBP K145C:D18W increases upon the addition
of arginine, which is in contrast to the large decrease in fluores-
cence emission. More investigation with additional concentrations
of arginine are needed to understand if this effect persits. We may
speculate that in the open conformation, the ABD probe experi-
ences a microenvironment that provides a deactivation pathway
that is no longer accessible following the TmArgBP conformational
change in the presence of arginine; however the emission is
quenched to a larger extent upon close contact with the Trp
quencher via PET. These data may suggest that the mechanism of
action for the interaction between Trp and ABD may be different
than that for Tyr and ABD in these systems, although a more
thorough photodynamic analysis is needed.

4. Conclusion

We describe the construction of a fluorescent protein biosensor
for the determination of L-arginine in solution. Many successful
examples of using microbial periplasmic proteins as scaffolds for
biosensor design have been described in the literature (e.g., [7—11]).
Typically, this protein biosensor design approach includes the
production of single cysteine point mutants that are covalently
modified with environmentally-sensitive fluorophores. The loca-
tions for cysteine insertion are traditionally chosen based on pre-
dicted changes in solvent accessibility for specific residues in the
open and closed conformations. Based on this approach, we
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Fig. 4. Representative data from a single experimental trial of normalized emission spectra for K145C double mutants titrated with arginine. Panels show changes in fluorescence
intensities for a) K145C:D18Y NBD (top left), b) K145C:D18Y ABD (top right), c) K145C:D18W NBD (bottom left), and d) K145C:D18W ABD (bottom right). Inserts are dissociation
constants calculated from each experiment in the presence of arginine concentrations from 0 to 130 pM.

Table 1
Fluorescence intensity decay data for ABD covalently attached to either TmArgBP
K145C:D18Y or K145C:D18W.

TmArgBP Mutant 7q (ns) (ns)  fy f 7 (ns)?® %2
K145C:D18Y

0 uM Arg 0.08 5.92 0.01 0.99 5.9 1.48
130 uM Arg 0.38 5.16 0.04 0.95 49 1.67
K145C:D18W

0 uM Arg 0.06 6.00 0.02 0.98 5.9 1.26
130 uM Arg 0.61 7.48 0.07 0.93 7.0 1.48
27 =it

attempted to use the conformational changes exhibited by
T. maritima arginine binding protein to design an arginine
biosensor. A matrix of 9 single cysteine attachment sites and 3
fluorescent probes was constructed using the TmArgBP as the
scaffold that provides ligand specificity. However, only small
changes in fluorescence emission upon introduction of the arginine
were observed (Fig. 2). While this brute force method is experi-
mentally straightforward, it offers a limited theoretical framework
for successful biosensor design.

To overcome this challenge, we predicted that ligand-
dependent conformational changes in TmArgBP could be
measured by photo-induced electron transfer (PET) in a quantita-
tive manner. As a proof of concept, we used the TmArgBP structural
data to select a single pair of sites (D18 and K145) that were pre-
dicted to provide the spatial requirements of PET-based emission
quenching coupled to the protein conformational changes upon
binding arginine. Based on the available redox properties, aromatic
residues were site-specifically introduced into TmArgBP to serve as

intrinsic PET quenchers of a covalently attached fluorescent probe.
Quenching efficiency is dictated by the orientation of fluorophore
and the quenching group and is distance-dependent [20,34]. Of the
aromatic residues tested, electron transfer between tyrosine and
covalently bound ABD appears to be the most efficient. Limited
changes in emission intensity were observed in the absence of the
aromatic group or in the presence of a Phe residue which does not
have a reduction potential that is predicted to support PET in this
case. Taken together this data provides support for a PET-based
quenching mechanism.

TmArgBP is uniquely suited for utilization as a potential fluo-
rescent protein biosensor due to its physicochemical stability
[17,19]. The incorporation of an internal PET quencher allows us to
take advantage of known structural changes rather than predicted
solvent accessibility and simplifies the construction of protein
biosensors. Future work may attempt to incorporate the ABD probe
into a growing organism to produce a genetically encodable fluo-
rescence biosensor using an orthogonal tRNA synthetase system
[46,47]. The benefit of this design strategy, which utilizes a spe-
cifically engineered fluorescence quenching interaction, is that it
may be broadly utilized by any binding protein that exhibits a
ligand-dependent conformational switch.
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