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Abstract

A family of genetically-encoded metabolite sensors has been constructed using bacterial periplasmic
binding proteins (PBPs) linearly fused to protein fluorophores. The ligand-induced conformational
change in a PBP allosterically regulates the relative distance and orientation of a fluorescence
resonance energy transfer (FRET)-compatible protein pair. Ligand binding is transduced into a
macroscopic FRET observable, providing a reagent for in vitro and in vivo ligand measurement and
visualization. Sensors with a higher FRET signal change are required to expand the dynamic range
and allow visualization of subtle analyte changes under high noise conditions. Various observations
suggest that factors other than inter-fluorophore separation contribute to FRET transfer efficiency
and the resulting ligand-dependent spectral changes. Empirical and rational protein engineering
leads to enhanced allosteric linkage between ligand binding and chromophore rearrangement;
modifications predicted to decrease chromophore rotational averaging enhance the signal change,
emphasizing the importance of the rotational freedom parameter k2 to FRET efficiency. Tighter
allosteric linkage of the PBP and the fluorophores by linker truncation or by insertion of chromo-
phores into the binding protein at rationally designed sites gave rise to sensors with improved signal
change. High-response sensors were obtained with fluorescent proteins attached to the same binding
PBP lobe, suggesting that indirect allosteric regulation during the hinge-bending motion is sufficient
to give rise to a FRET response. The optimization of sensors for glucose and glutamate, ligands of
great clinical interest, provides a general framework for the manipulation of ligand-dependent
allosteric signal transduction mechanisms.
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Biosensors are molecular machines linking the highly
evolved ligand-binding properties of a biological macro-
molecule to the production of a physical observable
(Nakamura and Karube 2003; Looger et al. 2005). Many
classes of biomolecules have been employed as ‘‘recogni-
tion elements’’ of biosensors, although proteins have
emerged as the gold standard due to their superior proper-
ties, including specificity, affinity, and stability.Moreover,
such sensors may be genetically encodable, thus providing
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significant advantages for in vivo applications: (1) stable
expression, (2) efficient introduction into a wide spectrum
of cell types and organisms, (3) targeting for measuring
changes within subcellular compartments, and (4) efficient
control over sensor production.

Most protein-based biosensors exploit the allosteric
linkage between ligand binding and conformation, trans-
ducing binding-coupled structural changes into the altered
function of a ‘‘reporter element.’’ Biosensors have been
successfully fabricated with diverse reporter elements:
ionic current flowing through an oligomeric protein pore
complex (Bayley and Jayasinghe 2004); displacement of a
nanofabricated cantilever attached to the protein (Ziegler
2004) or surface plasmon resonance of a monolayer to
which the protein is adsorbed (Haes and Van Duyne
2004); the activity of a small molecule covalently attached
to the protein, either fluorescence emission of an environ-
mentally sensitive metal or small molecule dye (de Lori-
mier et al. 2002; Hoffmann et al. 2005) or current flux to a
redox cofactor (Benson et al. 2001); the regulation of the
activity of an enzyme by binding at a region distal from
the active site (Villaverde 2003), or in a hybrid enzyme in
which the binding domain and enzyme sequences are
interwoven by nonhomologous recombination (Guntas
et al. 2004); and the fluorescence resonance energy transfer
(FRET) between a pair of attached small molecules (Med-
intz et al. 2003). The phenomenon of FRET is uniquely
suited to the detection and visualization of events in the 1–
10-nm (10–100 Å) range (Jares-Erijman and Jovin 2003)
and meets the criteria for robust imaging in a variety of
formats and environments (Clegg 1995). FRET is a high-
sensitivity indicator of conformational change, which has
been exploited to create a number of FRET-based ligand
sensors (Gaits and Hahn 2003; Zaccolo 2004).

For small molecule and metal detection, the enhanced
cyan fluorescent protein/enhanced yellow fluorescent
protein (ECFP/EYFP) FRET pair has been grafted
onto the termini of several proteins that undergo con-
formational changes upon ligand binding, thus generat-
ing a small family of genetically encoded nanosensors. A
genetically-encoded calcium sensor version made use of
a conformational actuator (an M13 calmodulin-binding
peptide which binds to calcium-loaded calmodulin) to
magnify the degree of relative fluorophore rearrange-
ment and thus the FRET change upon ligand binding
(Miyawaki et al. 1997; Romoser et al. 1997).

Members of the superfamily of bacterial periplasmic
binding proteins (PBPs) (Tam and Saier 1993; Fukami-
Kobayashi et al. 1999) bind to a wide spectrum of ligands
with high affinity and specificity, and undergo a dramatic
conformational change in concert with binding (Quiocho
andLedvina 1996;MowbrayandSandgren1998).For these
reasons, PBPs function well as recognition elements in bio-
sensors, in conjunction with a variety of reporter elements.

We have shown that terminally fused, genetically
encoded FRET sensors derived from PBPs have moder-
ate signal-to-noise, with FRET ratio change values
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emission; I485nm is the peak donor emission) in the range
0.2–0.3 (Fehr et al. 2002, 2003, 2005; Lager et al. 2003;
Okumoto et al. 2005). Although structurally diverse, the
PBP sensors for maltose, glucose, ribose, and glutamate
show a similar ligand-dependent FRET change. To
date, sensors have been constructed as terminal fusions
of full-length protein chromophores (ECFP, EYFP, and
their improved variants), attached via short linkers to
binding protein termini chosen either on the basis of
crystal structure analysis (the sugar sensors; N- and
C-terminal residues selected to complete well-formed
secondary structure elements) or by sequence homology
to functional sensors (the glutamate sensor). Identical
short flexible linkers were used for the construction of
all sensors so far. The overall diameter (longitudinal
elliptic axis) of PBPs is in the range of 6–7 nm. The
distance between N and C termini as taken from the
crystal structure of the ligand-free form is �4–5 nm for
MBP and RBP (Sharff et al. 1992; Bjorkman and Mow-
bray 1998). The N and C termini move closer together
upon ligand binding by 0.7 nm in case of MBP, while in
the case of RBP the termini move further apart by 0.2
nm (cf. Okumoto et al. 2004). The similar FRET ratio
change values may thus be due to the use of flexible
linkers leading to rotational averaging of the fluoro-
phore dipole orientation ensemble. We thus hypothe-
sized that linker truncation and rigidification may
increase signal change via tighter allosteric linkage
and/or reduced rotational averaging. We employed a
combination of rational and empirical protein engineer-
ing methods to better elucidate the allosteric coupling
mechanism and to create a set of optimized sensors.

The systematic truncation of the composite linker
sequences connecting binding protein with chromophore
(defined as the sum of the two sets of terminal FP
residues not absolutely required for folding or fluores-
cence, plasmid-derived linker residues, and the terminal
binding protein residues not absolutely required for
folding or binding) gave rise to glucose sensors with an
up to threefold improved signal change. Enhanced
FRET change was effected beyond a minimal linker
truncation, and maximal truncations were found for
both N- and C-terminal linkers beyond which sensor
stability and function were compromised. As an alter-
native approach, the binding proteins were scanned for
permissive solvent-exposed sites (Martineau et al. 1992;
Guntas et al. 2004), at which insertion of a chromophore
sequence was tolerated, as determined by retention of
both binding and fluorescence signal change. Small
libraries of internally inserted chromophore-binding
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protein chimeras were screened for fluorescence in bac-
teria. Multiple sites were found to be permissive. Subse-
quently, a second chromophore was added to either the
N or the C terminus of permissive chimeras, and the
resulting constructs were screened for ligand binding.
Many constructs yielded functional sensors, with up to
a fivefold improvement in signal change for both the
glucose and the glutamate sensor. For both proteins,
sensors with both chromophores on the same binding
protein lobe were found to be functional, confirming the
importance of indirect allosteric regulation and the
orientation component of energy transfer efficiency.

Taken together, these complementary engineering
techniques provide a systematic framework for the opti-
mization of multicomponent protein chimeras. We
demonstrate the technique by iteratively improving the
fluorescence properties of two genetically encoded nano-
sensors, in the process creating valuable reagents for the
detection of the clinically relevant analytes glucose and
glutamate.

Results

Two approaches were followed to systematically modu-
late the allosteric linkage between binding and energy
transfer: (1) variation of the composite linkers connect-
ing the regions absolutely required for binding and
fluorescence (the ‘‘core’’ structures) in the FLIPglu sen-
sor and (2) insertion of the donor chromophore ECFP
into permissive sites of FLIPglu and FLIPE.

FLIPglu linker variation

The glucose nanosensor FLIPglu consists of the mature
glucose/galactose-binding protein MglB from Escheri-
chia coli linearly fused to ECFP and EYFP via six-
amino-acid linkers at the N and C termini, respectively
(Fehr et al. 2003). The linker and less well structured
domains at the termini of MglB and the GFP variants
(together comprising the ‘‘composite linker’’) would be
assumed to allow flexible (if not free) rotation of the
fluorophores relative to the binding protein and one
another. Composite linker regions were systematically
truncated in an attempt to decrease rotational averag-
ing and to enhance the allosteric coupling. Fluorescent
proteins (FPs) possess terminal regions not absolutely
required for folding and fluorescence (an N-terminal
helix and a C-terminal coil) (Li et al. 1997). Further-
more, five amino acids may be deleted from the C-ter-
minal region of the MglB binding protein without
affecting binding. This together yields 32 amino acids,
the removal of which might a priori be expected to
preserve binding and fluorescence, assuming that the
FPs are sterically accommodated at their respective BP

termini (Fig. 1A). Composite linker regions were deleted
from FLIPglu in a stepwise manner (Supplemental
Fig. 1). Deletions of up to 20 amino acids did not influ-
ence sensor properties; larger deletions significantly
affected the ratio change. Of the 13 constructs tested,
six showed an increased response, with the best (FLIP-
glu-600mD13, 31-amino-acid truncation; Dratio=�0.7
[28% decrease]) showing a threefold improvement rela-
tive to the original terminally fused sensor (FLIPglu-
600m, Dratio=�0.25 [8% decrease]) (Table 1; Fig.
1B,C). Consistent with the importance of tight coupling,
insertion of additional flexible or triple-helical rigid

Figure 1. A glucose sensor with enhanced signal change due to linker

truncations. (A) FLIPglu construct consisting of N-terminal His-tag,

ECFP (cyan), an N-terminal composite linker (CL-N), the mature

MglB (red), a C-terminal composite linker (CL-C), and EYFP (yellow).

(B) Emission spectra of FLIPglu-600mD13 in the presence and the

absence of 10 mM glucose (excitation 433 nm). (C) Glucose binding

isotherms of FLIPglu-600m and FLIPglu-600mD13. (D) Correlation of

Dratio and the number of amino acids deleted from the composite

linkers. After deletion of >20 amino acids from the two composite

linkers, increased FRET changes are observed.
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domains did not lead to improved sensors: Insertion of a
six-amino-acid region corresponding to an introduced
restriction site into the original FLIPglu-600m had no
effect on the signal change, while insertion of a 127-
amino-acid triple helical region into the N-terminal com-
posite linker abolished the signal change (Table 1). TheKd

of the sensors was unaffected by the linker engineering.

Internally fused glucose sensors

Fourteen sites in MglB were selected for ECFP insertion;
sites were chosen to be solvent-exposed, between regions
of well-formed secondary structure, and capable of steri-
cally accommodating the FP domain. Nine sites were
identified on the N-terminal, and five on the C-terminal,
lobe of MglB (Fig. 2). An NruI restriction site was
introduced into the predicted permissive sites of the
F16A mutant of mglB, thus converting the wild-type
sequence of each site to Ser-Arg (Supplemental Table 2).
An ECFP sequence (amino acids 1–238) was produced by
PCR with N-terminal Ala-Gly and C-terminal Gly-Ser
linkers. This ECFP fragment was inserted by blunt-end
ligation into the NruI-digested plasmids. In-frame inser-
tions were screened for fluorescence in bacterial colonies.
For each ECFP insertion site, constructs were generated
with Citrine (a yellow fluorescent protein [YFP] version
with reduced environmental sensitivity) (Griesbeck et al.
2001) attached either N- or C-terminally, totaling 28
sensors. Fusions were screened for FRET in bacterial
colonies. All 28 proteins showed FRET (data not
shown), indicating that the two chromophore domains
and binding protein are not severely impaired by the
internal insertions; 19 showed a Citrine:ECFP ratio of
at least 1.5, a threshold arbitrarily set to exclude less well-
folded proteins, which are expected to have a low FRET
transfer efficiency. ECFP insertions were tolerated at 11
of the 14 sites tested, as determined by either the N- or
C-terminal Citrine fusion having FRET efficiency above
this threshold. The sensors with T102S-ECFP-D103R,
G198S-ECFP-P199R, and N226S-ECFP-K227R inser-
tion sites showed a ratio below this threshold, suggesting
that these sites did not accommodate the FP internal

Table 1. Effect on ratio change of deletion from and insertion

into composite linker sequences of linearly fused FLIPglu sensor

Sensor
CL-N

deletiona
CL-C

deletiona D ratio
D ratio
(%)

FLIPglu-600m 0 0 �0.25 �8

FLIPglu-600mD1 0 5 �0.25 �8

FLIPglu-600mD2 3 2 �0.26 �8

FLIPglu-600mD3 10 2 �0.26 �8

FLIPglu-600mD4 10 10 �0.27 �8

FLIPglu-600mD5 13 10 �0.15 �4

FLIPglu-600mD5 14 10 �0.27 �10

FLIPglu-600mD7 15 10 �0.12 �4

FLIPglu-600mD8 13 13 �0.5 �20

FLIPglu-600mD9 14 13 �0.25 �9

FLIPglu-600mD10 15 13 �0.45 �15

FLIPglu-600mD11 13 16 �0.6 �23

FLIPglu-600mD12 14 16 �0.5 �19

FLIPglu-600mD13 15 16 �0.7 �28

CL-N

insertiona
CL-C

insertiona D ratio

D ratio

(%)

FLIPglu-600mLI1 6 0 �0.25 �8

FLIPglu-600mLI2 127 0 0 0

aNumber of amino acids deleted from, or inserted into, N- and C-
terminal composite linker sequences, respectively.

Figure 2. Fluorophore insertion sites in MglB. (A) MglB structure, in which cyan spheres indicate the sites (position relative to

first codon in mature MglB is given) at which ECFP was inserted. N and C termini are labeled. (B) MglB structure with Citrine

attached to the C terminus, indicated by a yellow sphere, and two permissive insertion sites of ECFP, marked by cyan spheres.

(C) MglB structure with Citrine attached to the N terminus, indicated by a yellow sphere, and three permissive insertion sites of

ECFP, marked by cyan spheres.

www.proteinscience.org 2307

High-sensitivity FRET metabolite sensors

Fig.2 live 4/c



insertion. Of the 28 putative sensor proteins constructed,
14 carried both chromophores on the same binding pro-
tein lobe, and 14 featured them on opposite lobes (Fig. 2).
Sensors were given the nomenclature FLIIXPglu-Y (fluo-
rescent indicator-ECFP insertionposition X protein for glu-
cose; Y is affinity for glucose, if measurable [e.g., Y=
600m indicates a binding constant of 600mM]).

Emission spectra were recorded for all proteins, with-
out ligand, and with 10 mM glucose. Five proteins
showed an absolute glucose-dependent FRET signal
change greater than that of the full-length terminally
fused sensor FLIPglu-600m (12% decrease in FRET
ratio) (Table 2). Of these five, three sensors have ECFP
and Citrine attached to the same BP lobe: FLII32Pglu
(13% increase), FLII275NPglu (42% increase), and
FLII282Pglu (21% increase), all with both FPs attached
to the N-terminal lobe of MglB. Two sensors carry the
two FPs on opposite lobes: FLII12Pglu (58% increase)
and FLII275CPglu (17% decrease), both with N-terminal
ECFP and C-terminal Citrine. Glucose titrations were
performed for these five sensors, with the affinities
determined as FLII32Pglu-2.2m, FLII275NPglu-4.6m,
FLII282Pglu-4m, FLII12Pglu-600m, and FLII275CPglu-
13.8m, respectively (Fig. 3). It was discovered that

FLII12Pglu-600m contains the wild-type phenylalanine at
position 16 instead of alanine; thus all ECFP insertions
have decreased the affinity of the sensor for glucose.

Internally fused glutamate sensor

The E. coli glutamate/aspartate-binding protein YbeJ
(also GltI; gene ID eco:b0655) has been shown to func-
tion as a glutamate sensor (de Lorimier et al. 2002). The
terminally fused YbeJ FRET nanosensor (FLIPE-
600n) has a glutamate-dependent EYFP/ECFP ratio
decrease of 0.27, sufficient signal-to-noise for in vivo
measurements in rat neuronal cell culture (Okumoto
et al. 2005).

Currently, there is no structural information about
YbeJ; thus the sequence of the predicted mature polypep-
tide was submitted for automated structure prediction
using the Robetta server (http://robetta.bakerlab.org);
the E. coli glutamine-binding protein GlnH was used as
a template for the sequence threading calculation (Oku-
moto et al. 2005). The highest-ranking model structure
suggests that YbeJ has an elongated C-terminal region
relative to periplasmic amino acid–binding proteins of
known structure, and thus the assignment of this part of
the model is particularly uncertain (Fig. 4). The five high-
est-scoring models for YbeJ, however, all predict that this
C-terminal extension associates with the N-terminal lobe,
suggesting that YbeJ is a type II PBP (Tam and Saier
1993; Fukami-Kobayashi et al. 1999), as are all periplas-
mic hydrophilic amino acid–binding proteins of known
structure.

Sites predicted to permit ECFP insertion were chosen
from the YbeJ model and unique blunt-end restriction
sites were introduced by site-directed mutagenesis at
these locations (Table 3). A truncated ECFP (amino
acids 1–232) was inserted into these sites and clones

Table 2. Signal change and glucose affinity of the

FLIIXPglu sensors

Sensor
EYFP

terminus
Ratio
absence

D
ratio

D
ratio (%)

Kd

(mM)

FLII12Pglu-600m C 4.55 2.66 58 0.6

FLII275NPglu-4.6m N 1.63 0.69 42 4.6

FLII282Pglu-4m N 2.11 0.44 21 4.0

FLII32Pglu-2.2m N 3.4 0.44 13 2.2

FLIPglu-600m C 2.95 �0.35 �12 0.6

FLII275CPglu-13.8m C 1.93 �0.33 �17 13.8

Figure 3. Signal change of internally fused glucose sensors. (A) Ratio change for the five FLIIxPglu sensors (relative to the

original FLIPglu-600m [red]) with a signal change greater than FLIPglu-600m. Positive values indicate an increase in fluorescence

intensity ratio upon ligand addition; negative values indicate a reduction in ratio. (B) Normalized glucose binding isotherms for

the five FLIIxPglu sensors relative to the original FLIPglu-600m (red). Note the differences in affinity (all except FLII12Pglu-

600m carry the F16A mutation).
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were screened for fluorescence in bacterial colonies.
Only the protein with the N81V-ECFP-Q82N insertion
was found to be highly fluorescent. A C-terminal Venus
(a YFP with reduced environmental sensitivity) (Nagai
et al. 2002) gene was fused to this construct, producing a
high-FRET ratio chimeric protein. Upon glutamate
saturation, the FRET ratio was found to decrease by
48%, significantly more than the terminally fused
FLIPE-600n sensor (11% decrease) (Fig. 5). This inter-
nally fused sensor shows an affinity for glutamate of 1 mM
(the sensor is thus denoted as FLII81PE-1m), similar to the
terminally fused sensor (Fig. 5).

Measurements of ratio and ratio change in phosphate
buffer yield lower values compared to those done inMOPS
buffer (e.g., cf. FLIPglu-600m in Fig. 1B,C and Fig. 3A,B).
The lower ratio is potentially due to quenching in phos-
phate buffer. Similarly, the absolute ratio observed for
FLII81PE-1m in the absence of glutamate in MOPS buffer
is 5.0 and the ratio change is 3.8 (data not shown).

Discussion

Distance and orientation components of FRET
transfer efficiency

Förster showed that the FRET transfer efficiency between
a donor and an acceptor fluorophore occurs nonradiatively
via long-range dipole–dipole coupling and is given by

E ¼ ðR0=RÞ6

1 þ ðR0=RÞ6

where E is transfer efficiency, R is donor–acceptor
separation, and R0 is the donor–acceptor separation at
which transfer efficiency is half-maximal (Jares-Erijman

and Jovin 2003). The ‘‘Förster distance’’ R0 of a fluoro-
phore pair depends on intrinsic properties of the fluoro-
phores, as well as context-dependent parameters, and is
given by R0

6= c0k
2Jn�4Q0, where c0 is a constant, k2 is

the ‘‘orientation factor’’ of the donor-acceptor pair, J is
the overlap integral of donor emission and acceptor
absorption spectra, n�4 is the refractive index of the
medium, and Q0 is the donor quantum yield (Lakowicz
1999; Jares-Erijman and Jovin 2003). The parameter k2

captures the orientation-dependence of transfer effi-
ciency and as such may vary with conformation, in con-
cert with the separation R. For randomly oriented donor
and acceptor, undergoing rapid and isotropic rotation
during the lifetime of the donor excited state, this para-
meter evaluates to 2/3. The value of R0 at k2=2/3 for
the commonly used ECFP/EYFP FRET pair (the cyan
and the yellow spectral variants of the Aequorea victoria
green fluorescent protein) is in the range of 4.9 nm
(Patterson et al. 2000). However, the assumption of
rapid isotropic rotation is unlikely to hold, particularly
for protein fluorophores (Stryer 1978), because the
fluorescent lifetimes of protein chromophores are typi-
cally �1/5 of their rotational correlation times (Jares-
Erijman and Jovin 2003), greatly limiting the amount of
rotational relaxation during the lifetime of the donor
excited state. In most settings, particularly if donor and
acceptor are covalently attached, the parameter k2 may
vary between 0 and 4, as different molecular configura-
tions and conformations are accessed.

Thus, allosterically regulated changes in resonance
energy transfer between two fluorophores covalently
attached to a PBP recognition element can be due to
distance or orientation effects, or more likely both. Such
a change in the relative chromophore separation and
orientation may be a simple result of the action of the
hinge bend of the PBP on one chromophore relative to
the other. Alternatively, steric constraints placed on one
or both of the reporter groups (interaction of one report-
er group with the other, or with the recognition ele-

Figure 4. Fluorophore insertion sites in YbeJ. Structural model of

YbeJ produced by the Robetta server. (Yellow sphere) C-terminal

Venus; (cyan spheres) YbeJ sites tested for permissiveness of ECFP

insertion.

Table 3. ECFP insertion sites in YbeJ

YbeJ position
Original
sequence

Altered sequence
(restriction site)

ECFPa

fluorescence

N81V-Q82N aatcag gttaac (HpaI) +

G165-G166A ggcggc ggcgcc (NarI) N.D.

G166-D167A ggcgat ggcgcc (NarI) N.D.

D167-I168 gatatc gatatc (EcoRV)b N.D.

A172V-D173N gccgac gttaac (HpaI) N.D.

D173E-L174 gacctg gagctc (Ec1136II) N.D.

M200-N201H atgaat atgcat (BfrBI) N.D.

aVisual comparison of colonies at 470/40 nm excitation.
bNative site, unaltered sequence.
N.D., not detectable.
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ment) by the global conformational change may alter
the ensemble of accessible states of the system, leading to
substantial changes in separation, orientation, and con-
formational flexibility.

FRET measurements (except for single molecules) are
ensemble averages over large numbers of donor-accep-
tor pairs, and over the time frame of the experiment,
which is typically long relative to the time scale of molec-

ular motions. The Förster theory of energy transfer has
been extended to explicitly handle such considerations
(Van Der Meer et al. 1994; Scholes 2003). The functional
form of the FRET transfer efficiency dictates that high-
transfer orientations are rare relative to low- or zero-
transfer orientations (Van Der Meer et al. 1994), and
thus orientational degeneracy will dampen energy trans-
fer. Thus a structure such as a flexible linker tethering a
chromophore to a recognition element will serve both to
increase separation (thus decreasing transfer efficiency)
and to expose the chromophore to transfer-depressing
orientational averaging. The rational optimization of
biosensor signal-to-noise thus involves (at least implic-
itly) the consideration of the ensemble of allowable chro-
mophore relative orientations, both in terms of a
significant change in the transfer efficiency of the ensem-
ble-averaged orientations of the free and ligand-bound
states, and a low degree of ensemble entropy.

Rational engineering of nanosensor proteins

It has previously been demonstrated that protein engi-
neering may be applied to the systematic optimization of
biosensor protein properties. The affinity (Marvin and
Hellinga 2001; Fehr et al. 2002, 2003; Lager et al. 2003)
and binding specificity may be altered by computational
protein design (Looger et al. 2003) or by directed evolu-
tion (Korndorfer et al. 2003). The stability and robust-
ness of the sensors may be improved, as well (Nagai and
Miyawaki 2004). Finally, the allosteric linkage between
recognition and reporter elements may be optimized, by
rational (Dattelbaum et al. 2005) or empirical (Guntas
and Ostermeier 2004; Guntas et al. 2004) means. The
signal change of genetically encoded FRET sensors in
particular has been optimized, e.g., by linker engineering
(Nagai and Miyawaki 2004) and by circular chromo-
phore permutation (Baird et al. 1999; Nagai et al.
2004), probably affecting ensemble distance and orienta-
tion.

It was initially discovered that the linear fusion of the
full-length wild-type E. coli maltose-binding protein
malE to ECFP and EYFP failed to produce a functional
sensor (Fehr et al. 2002). Deletion of five amino acids
from the N terminus of the malE protein gave rise to a
functional sensor with a ratio change in the interval 0.2–
0.3, similar to that of other PBP nanosensors (Fehr et al.
2002, 2003, 2004, 2005; Lager et al. 2003). A small
terminal deletion is unlikely to significantly change
chromophore separation in the absence of a dramatic
steric constraint placed by the shortened composite link-
er on the ensemble of allowable chromophore positions
(Fig. 6). Similarly, the linear fusion of the full-length
wild-type E. coli glutamate/aspartate-binding protein
YbeJ to ECFP and EYFP produced a sensor of similar

Figure 5. Internal insertion of ECFP into YbeJ. (A) FLII81PE con-

struct consisting of an N-terminal His-tag, ECFP (cyan), an N-term-

inal composite linker (CL-N), the mature YbeJ (red domains; numbers

indicate amino acid positions relative to initiation codon), a C-terminal

composite linker (CL-C), and Venus (yellow). (B) Emission spectra of

FLIPE-600n in the presence of 0, 600 nM, and 100 mM glutamate

(excitation 433 nm). (C) Emission spectra of FLII81PE-1m in the pres-

ence of 0, 600 nM, and 100 mM glutamate (excitation 433 nm). (D)

Glutamate titration curves of FLIPE-600n and FLII81PE-1m.
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overall signal change, even though YbeJ is predicted
(Okumoto et al. 2005) to feature both N and C termini
on a single protein lobe (a type II PBP) (Tam and Saier
1993), with little or no relative motion between them
upon ligand binding. Thus, the successful engineering

of the FLIPE sensor is best explained by allosteric
regulation of the ensemble of relative chromophore posi-
tions by the interaction of the chromophores with one
another, or by the interaction of one or both with the
recognition element (Fig. 6D). For both FLIPmal and
FLIPE, the ensemble averaging of the orientation com-
ponent is expected to contribute significantly to the
overall transfer efficiency, because of the exaggerated
effect of averaging on this component relative to chro-
mophore separation (Van Der Meer et al. 1994).

The sensors developed so far were used successfully to
answer specific biological questions, such as the analysis
of glucose levels in the cytosol and nuclei of mammalian
cells (Fehr et al. 2003, 2004), the elucidation of a high-
capacity glucose transport system at the ER membrane
(M. Fehr and W. Frommer, in prep.), the ability of
mammalian cells to transport ribose (Lager et al. 2003),
and the visualization of glutamate release from neurons
(Okumoto et al. 2005). However, the existing set of
sensors may not be sensitive enough to detect subtle
changes in steady-state metabolite levels, or to detect
changes in high-background environments such as
plants (Looger et al. 2005). Sensors with an improved
signal change will have a lower relative error on the
measured metabolite concentrations (Marvin et al.
1997), resulting in a larger useful dynamic range.
Furthermore, improved sensor signal-to-noise will
increase the efficacy of the reagents in formats such as
high-throughput compound screening and validation.

We sought to optimize sensor signal change by two
routes, linker truncation and internal chromophore
insertion, both aimed at reducing the entropy of the
chromophore relative positional ensemble. Truncation
of the linker sequences of the glucose nanosensor FLIP-
glu-600m had no effect below a threshold of 20 amino
acids. Above this threshold, however, sensor response
increased with linker truncation, up to a more than
threefold increase, relative to the original sensor. The
threshold is more consistent with a steric restriction of
the chromophore, and a concomitant decrease in orien-
tational averaging, than with a gradual modulation of
chromophore separation in the responsive range of the
ECFP-EYFP pair (Fig. 6A,B).

Screening of the binding proteins MglB and YbeJ for
permissive sites for ECFP insertion yielded 11/14 MglB
sites and 1/7 YbeJ sites, at which chromophore insertion
neither disturbed folding nor fluorescence to a large
extent. The ECFP inserted into YbeJ was truncated by
six amino acids relative to that inserted into MglB,
potentially explaining the lower incidence of permissive
sites. Of the internally fused FLIIxPglu sensors, five
showed an up to fivefold enhancement of the signal
relative to the linearly fused construct. Of these five
sensors, four showed a glucose-dependent increase in

Figure 6. Hypothetical models of sensor function. (A) First-generation

FLIPglu glucose sensor model. Fluorophores (ECFP [cyan], EYFP

[yellow]) attached via flexible linkers (gray rod) to the recognition ele-

ment (MglB protein, consisting of two lobes connected by a hinge

[green]). The ligand (glucose) is indicated by a space-filling model.

Cones represent a simplified model of the hypothetical ensemble space

of fluorophore dipole. Cones are depicted comparatively wide to indicate

large freedom of rotation around peptide bonds in the linkers. Thus

FRET changes are expected to be relatively small. (B) Sensors with

truncated linkers. Truncation reduces rotational freedom as indicated

by smaller cones (reduced rotation will probably also lead to distortion

of cones, not depicted). Thus FRET changes are expected to be larger.

(C ) Fluorophore insertions. ECFP (cyan) insertion into the recognition

element leads to a dramatic reduction in rotational freedom. EYFP

(yellow) is attached to the respective other lobe. Thus FRET changes

are expected to be larger. (D) Fluorophore insertions. ECFP (cyan)

insertion into the recognition element leads to a dramatic reduction in

rotational freedom. EYFP (yellow) is attached to the same lobe carrying

the insertion. A scenario is depicted in which the conformational change

in the recognition element upon ligand binding restricts the rotational

freedom of EYFP, providing one potential mechanism for the observa-

tion of ratio changes in the case of reporter attachment on the same lobe.
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transfer efficiency. All showed a decreased affinity for
glucose relative to the linearly fused sensor, indicating
that steric interactions between the inserted chromo-
phore and the recognition element are less favorable in
the closed, ligand-bound state (Marvin and Hellinga
2001). The single permissive YbeJ site discovered in this
study yielded a glutamate sensor with fivefold improved
signal-to-noise, and a less than twofold effect on affinity.
Taken together, these results suggest a model in which
the internally inserted chromophore is greatly restricted
in its orientational averaging (Fig. 6C), yielding high-
response sensors. Many of the best sensors feature both
chromophores on the same recognition element lobe,
indicating that allosteric regulation by features of the
recognition element during the hinge-bending motion
is sufficient to drive substantial chromophore rearrange-
ment (Fig. 6D), and to produce an optimized geneti-
cally encoded sensor. It is likely that the combination of
the fluorophore insertion approach with the linker dele-
tion or the internal insertion of both reporter elements
will lead to further improved sensor proteins.

Conclusions

Taken together, the data support a model in which local
allosteric regulation, particularly of reporter element
orientation, plays a significant role in the resonance energy
transfer of a family of genetically encoded nanosensor
proteins. Testing of this hypothesis by rational protein
design produced sensors with greatly improved signal-to-
noise, enabling a wide array of in vivo applications. Mole-
cular modeling may provide a route to further sensor
improvement, and may prove useful in the optimization
of other signal transduction mechanisms, such as allosteric
enzymatic switches (Guntas et al. 2004). These findings
may be relevant for the optimization of other types of
FRET sensors as well as the generation of novel sensors.

Materials and methods

Optimization of linearly fused constructs

FLIPglu linker variation

To lengthen the terminal linkers of pFLIPglu-600m (Fehr et
al. 2003), an MfeI site was first introduced into the N-terminal
KpnI site by cassette mutagenesis (primers 1, 2), resulting in
pFLIPglu-600mLI1. Subsequently, a 398-base-pair-product
encoding the triple helix region from rat neuronal T-Snare
syntaxin-1A (GenBank accession no. AF217191; PDB acces-
sion no. 1EZ3) was amplified with MfeI sticky ends (primers 3,
4) from Rattus norvegicus cDNA (generously supplied by Dr.
Axel Brunger, Stanford University). The PCR product was
cleaved with MfeI and ligated into the MfeI-linearized pFLIP-
glu-600mLI1. Correct orientation was verified by restriction
with BamHI and BglI; the resulting construct was denoted

pFLIPglu-600mLI2. To shorten the binding protein-derived
linkers of the sensor, shortened versions of the mglB gene
were amplified with KpnI sticky ends (primers 5–8) from
pFLIPglu-600m. The resulting PCR products were cleaved
with KpnI and inserted in place of the full-length mglB gene
of pFLIPglu-600m (resulting in pFLIPglu-600mD1 and D2);
correct orientation was verified by restriction with EcoRI and
PstI. To shorten the N-terminal fluorophore-derived linkers of
the sensor, the ECFP gene was amplified with BamHI and
KpnI sticky ends from pFLIPglu-600m (primers 9, 10) and
inserted in place of the ECFP and mglB genes of pFLIPglu-
600m; the resulting plasmid was restricted with KpnI, and a
shortened mglB gene (primers 7, 8) was inserted, resulting in
pFLIPglu-600mD3. To shorten the C-terminal fluorophore-
derived linkers of the sensor, the EYFP gene with KpnI and
HindIII sticky ends was amplified from pFLIPglu-600m
(primers 11, 12) and inserted in place of the mglB and EYFP
genes of pFLIPglu-600m; the resulting plasmid was restricted
with KpnI, and a shortened mglB gene (primers 7, 13) was
inserted, resulting in pFLIPglu-600mD4. The N-terminal fluoro-
phore-derived linker sequence was further shortened by site-
directed mutagenesis of pFLIPglu-600mD4 (primer 14), resulting
in pFLIPglu-600mD5; mutagenesis of pFLIPglu-600mD5 (pri-
mers 15–18) decreased the size of the fluorophore-derived link-
ers even more, yielding pFLIPglu-600mD6 through pFLIPglu-
600mD13. All constructs are shown in Supplemental Figure 1.

Optimization of internally fused constructs

FLIPglu internal fusions

The nucleotide sequence encoding the mature MglB protein
without periplasmic leader sequence (base pairs 70–927 relative
to the initiator ATG) was amplified by PCR from E. coli K12
genomic DNA, with a BamHI site for EYFP cloning at either
the N (primers 19, 20) or the C (primers 21, 22) terminus, and
cloned into the KpnI site of the pRSETb vector (Invitrogen).
All genes additionally encoded the F16A (numbered relative to
the mature protein sequence) affinity mutation, to facilitate the
production of sensors with dynamic range appropriate for
detection of high glucose concentrations (Fehr et al. 2003).
Site-directed mutagenesis (primers 23–36) was used to intro-
duce unique NruI sites at the 14 regions of mglB selected for
ECFP insertion. An ECFP PCR product (amino acids 1–238)
was created with N-terminal Ala-Gly (gctggt) and C-terminal
Gly-Ser (ggtagc) linkers, and Eco47III terminal restriction sites
(primers 37, 38). Following Eco47III restriction, the ECFP
insertion was introduced into NruI-digested plasmids by
blunt-end ligation. A PCR product encoding Citrine (EYFP
with the additional mutation Q69M) was amplified (amino
acids 1–240; primers 39, 40) and ligated into the BamHI site
of the mglB-ECFP chimeras. This resulted in a six-amino acid
linker connecting MglB and Citrine: Gly-Gly-Thr-Gly-Gly-Ala
(ggtggtaccggaggcgcc) for N-terminal Citrine; Gly-Ala-Gly-
Thr-Gly-Gly (ggcgccggtaccggtgga) for C-terminal Citrine. Cas-
settes were designed to yield in-frame products at all stages to
enable fluorescence screening in bacterial colonies.

FLIPE internal fusions

A nucleotide sequence encoding the mature glutamate/aspar-
tate-binding protein (YbeJ, also GltI; protein accession no.
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NP_415188) without periplasmic leader sequence (as pre-
dicted by sequence alignment with closely related bacterial
amino acid–binding proteins [de Lorimier et al. 2002]; amino
acid positions are given relative to the initiator methionine
because of the uncertainty of the signal peptide) was amplified
with 50 BamHI and 30 HindIII sticky ends by PCR from E. coli
K12 genomic DNA (primers 41, 42), and cloned into pRSETb.
Site-directed mutagenesis (primers 44–50) was used to intro-
duce unique blunt-end restriction sites at seven separation
locations in the gene. A truncated ECFP PCR product
(amino acids 1–232) was created with N- and C-terminal Gly
(ggt) linkers, and Eco47III terminal restriction sites (primers
51, 52). The in-frame clones were screened in colonies, and only
the insertion at N81V-Q82N was found to be highly fluores-
cent. Subsequently, a nucleotide sequence encoding Venus
(EYFP with the additional mutations F46L, F64L, M153T,
V163A, and S175G) (Nagai et al. 2002) was amplified (amino
acids 1–240, primers 39, 40) and ligated to the 30-end of the
ybeJ-ECFP chimera using KpnI/HindIII sites; this resulted in a
six-amino acid linker (Gly-Ala-Gly-Thr-Gly-Gly) connecting
YbeJ with the C-terminal Venus.

In vitro analysis of sensors

Constructs were transferred to E. coli BL21(DE3)Gold (Stra-
tagene) using electroporation, extracted and purified as
described (Fehr et al. 2002). Emission spectra and ligand titra-
tion curves were obtained by using a monochromator micro-
plate reader (Safire). The excitation filter was 433/12 nm;
emission filters for ECFP and EYFP (also Citrine and Venus)
emission were 485/12 and 528/12 nm, respectively. All analyses
for FLIPE constructs and linearly fused FLIPglu constructs
were performed in 20 mM sodium phosphate buffer (pH 7.0);
analyses of FLIIXPglu were done in 20 mM MOPS buffer (pH
7.0). The Kd of each FLIPE sensor was determined by fitting to
a single site binding isotherm: S= (r� rapo)/(rsat� rapo)= [L]/
(Kd+[L]), where S is saturation; [L], ligand concentration; r,
ratio; rapo, ratio in the absence of ligand; and rsat, ratio at
saturation with ligand. Measurements were performed with at
least three independent protein extracts. ECFP emission is
characterized by two peaks at 485 nm and at 502 nm; the
ratio was defined here as the uncorrected fluorescence intensity
at 528 nm divided by the intensity at 485 nm.
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