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Abstract Protein-engineering techniques have been adapted for
the molecular design of biosensors that combine a molecular-
recognition site with a signal-transduction function. The optical
signal-transduction mechanism of green fluorescent protein
(GFP) is most attractive, but hard to combine with a ligand-
binding site. Here we describe a general method of creating
entirely new molecular-recognition sites on GFPs. At the first
step, a protein domain containing a desired molecular-binding
site is inserted into a surface loop of GFP. Next, the insertional
fusion protein is randomly mutated, and new allosteric proteins
that undergo changes in fluorescence upon binding of target
molecules are selected from the random library. We have tested
this methodology by using TEM1 B-lactamase and its inhibitory
protein as our model protein-ligand system. ‘Allosteric GFP
biosensors’ constructed by this method may be used in a wide
range of applications including biochemistry and cell biology.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The green fluorescent protein (GFP) from the jellyfish Ae-
quorea victoria is now one of the most widely used reporter
proteins [1,2]. The fluorophore of GFP is intrinsic to the poly-
peptide chain and does not need to be introduced by covalent
modification [2]. The remarkable properties of GFP were re-
cently exploited to design optical sensors that act in living
cells [3-6]. A calcium sensor based on calmodulin and two
GFP mutants utilized the relatively large conformational
change of calmodulin upon binding of calcium to induce flu-
orescence resonance energy transfer between a GFP donor
and acceptor [3]. Unlike calmodulin, however, most proteins
do not undergo dramatic structural changes upon ligand bind-
ing, and hence such molecular-recognition domains for vari-
ous analytes cannot be used for the rational design of molec-
ular sensors [6]. To overcome this limitation and to construct
generic GFP-based sensors, we have adopted the screening
method combined with the insertional gene fusion technique
[7,8]. When a foreign epitope sequence was inserted into a
surface loop of a certain enzyme, binding of an antibody to
the inserted sequence activated the function of the enzyme
[9,10]. Similarly, if GFP accommodates insertions of large
domain sequences and if appropriate screening methods for
their ligand sensitivity are available, it might be possible to
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select fusion proteins that show an increase in GFP fluores-
cence upon the binding of ligands (Fig. 1). In the present
study, we have tested this methodology by using TEMI1
B-lactamase (Bla) and B-lactamase-inhibitory protein (BLIP)
[11] as our model protein-ligand system, since Bla undergoes
essentially no conformational change upon binding of BLIP
[12].

2. Materials and methods

2.1. Gene construction

A mutant GFP gene from pGFPuv [13] (Clontech) was subjected to
site-directed insertional mutagenesis as follows. The N-terminal frag-
ment (codons 1-172) of the GFP gene with an additional hexahisti-
dine-encoding sequence was amplified by polymerase chain reaction
(PCR) with a sense primer containing a Nhel site and a reverse primer
containing the HindIII-Kpnl sites. The PCR product was digested
with Nhel and Kpnl. Similarly the C-terminal fragment gene (codons
173-238) with Kpnl-EcoRI sites at the 5" end and a Sacl site at the
3’ end was amplified and digested with Kpnl and Sacl. These frag-
ments were simultaneously ligated into the Nhel-Sacl backbone vector
pEOR [14], resulting in the insertion of seven additional codons in-
cluding the HindIII-Kpnl-EcoRI sites between Gln-172 and Asp-173
of GFP. A Bla gene (from pUC18) minus the signal sequence (codons
1-23) and the Bla stop codon was inserted in-frame into the GFP gene
between the HindlIll and EcoRI sites.

2.2. Selection of library

A screening vector pND101 derived from pEOR carries a kanamy-
cin-resistance gene cassette from pUC4KIXX [15], the insertional mu-
tant GFP gene (as above), and a BLIP gene [11] (a gift from W.
Schroeder, University of Alberta, Canada) minus the signal sequence
(codons 1-36) inserted between the Pgap promoter [16] from Esche-
richia coli JM109 and the rrnB T, T, terminator from pEOR. In this
vector, the BLIP gene expression is inducible with L-arabinose and
repressed with D-glucose. Random mutagenesis of the fusion
GFP::Bla gene was performed using an error-prone PCR as described
[8]. The PCR product was inserted in place of the GFP gene on
pNDI101. The plasmid library was electroporated into E. coli IM109
cells that were plated on LB plates with 10 pg/ml kanamycin. One
hundred colonies selected at random were transferred to two LB-ka-
namycin plates, one containing 0.2% arabinose to induce BLIP ex-
pression and the other containing 0.2% glucose. Under a hand-held
ultraviolet lamp, colonies with the largest ratio of the fluorescence on
the LB-arabinose plate to that on the LB-glucose plate were picked up
and used as the template for the error-prone PCR in the next cycle.
DNA sequencing was performed on an ABI Prism 377 DNA se-
quencer.

2.3. Protein purification and characterization

The sensor protein and BLIP with N-terminal hexahistidine se-
quences were overexpressed in JM109 E. coli cells under the control
of the tac promoter and purified on a Ni-agarose column as previ-
ously described [17]. The sensor protein subjected to amino acid se-
quencing showed the peptide chain to begin with the expected sequen-
ces except for the N-terminal methionine to be cleaved. The
fluorescence spectra of the sensor protein with various concentrations
of BLIP were measured on a Shimadzu RF-502 spectrofluorophotom-
eter at 25°C. The BLIP titration curve was fitted to the standard
equation AF=AFy. (1+ Ky/[BLIP])"!, where AF is the change in
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fluorescence emission intensity and Ky the dissociation constant. The
penicillinase activity of GFP::Bla-1 was measured spectrophotometri-
cally [18] at 25°C. The inhibition constant Kj, which expresses the
affinity of the sensor protein for BLIP, was obtained from a competi-
tion experiment with benzylpenicillin [19].

3. Results and discussion

To construct a BLIP sensor, Bla was genetically inserted
into GFP between the GIn-172 and Asp-173 sites (Fig. 2).
We chose this insertion site for the following reasons. GFP
consists of an 11-stranded B-barrel structure wrapped around
a central helix [20,21]. The 172-173 site is located at a solvent-
exposed loop between B-strands and tolerates 6-20 amino acid
insertions without serious disturbance of the GFP structure
and function [22]. Further, a suitable insertion site must not
only accept large domain insertions, but also transduce signals
sensitively from the inserted domains to the GFP fluorophore.
The 172-173 site is far from the fluorophore (residues 65-67)
in the primary sequence, but is three-dimensionally close to
the fluorophore (Fig. 2), and thus is expected to be suitable
for our purpose.

As a preliminary experiment, Bla was successfully fused to
GFP by in-frame insertion. The purified fusion protein has
both GFP fluorescence and Bla activity, but no change in
the GFP spectrum upon addition of BLIP was observed. To
convert the fusion protein into a BLIP sensor, we performed
random mutagenesis and visual screening for BLIP sensitivity
of the fluorescence of E. coli colonies (see Section 2). After
two rounds of selection, we obtained a BLIP-sensitive clone
and recovered the gene of the fusion protein, designated
GFP::Bla-1. The GFP::Bla-1 carries two point mutations,
M68I and V1081, in the inserted Bla but no mutation in the
GFP region. The M68I mutation of wild-type Bla was known
to decrease its thermal stability [23].

The in vitro characterization of purified GFP::Bla-1 dem-
onstrated that this protein indeed acts as a BLIP sensor. The
fluorescence spectrum of GFP::Bla-1 has two maxima at 395
and 475 nm (Fig. 3, inset), similar to those of the wild-type
GFP [2]. The fluorescence intensity at 395 nm increased as a
function of BLIP concentration in the range of 0.01-10 uM
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Fig. 1. Schematic representation of generic GFP-based sensors. A
desired molecular-recognition domain is inserted into a loop of
GFP. In the absence of the target molecule, conformational fluctua-
tions of the inserted domain put stress on the GFP scaffold with a
consequent reduction in fluorescence. The binding of a target mole-
cule stabilizes the conformation of the inserted domain, resulting in
restoration of the GFP fluorescence.
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Fig. 2. Schematic topology diagram of the GFP::Bla fusion protein.
Triangles represent B-strands and circles o-helices. The secondary
structures of GFP [20,21] (indicated in gray and dark gray) and Bla
[26,27] (white), amino acid sequences of the N-terminus and linkers
between GFP and Bla, and the GFP fluorophore (dark gray) are
shown. The dark gray triangles in GFP indicate B-strands bearing
residues that directly interact with the fluorophore [20,21]. Short
helices 3 and 4 of GFP are omitted from this figure.

(Fig. 3), whereas no change in the spectrum was observed in
the presence of a hydrophobic protein, BSA, at 10 uM. The
GFP::Bla-1 retained penicillinase activity (kca/Kpy =2 X 10°
M~ 57!, compared with 5x10” M~! s7! for wild-type Bla
[19]), which was inhibited by the addition of BLIP. The K;j
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Fig. 3. BLIP titration curve of GFP::Bla-1 (0.3 uM). The differen-
ces in fluorescence intensity at 395 nm are normalized. The fitted
curve corresponds to the dissociation constant given in the text. In-
set shows the excitation spectrum in the presence (solid line) and
absence (dashed line) of BLIP.
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value is 0.2 uM, which is consistent with the dissociation
constant (Kg =0.35 uM) independently derived from the fluo-
rescence measurements (Fig. 3). These results indicate that the
change in fluorescence of GFP::Bla-1 is due to specific bind-
ing of BLIP.

The combination of domain insertion and directed evolu-
tion is expected to become a powerful tool for the construc-
tion of generic molecular sensors. The N- and C-terminal
proximity observed in the large majority of globular proteins
(see [24] and references cited therein) may make for easier
insertions of molecular-recognition domains for various ana-
lytes into a surface loop of GFP. Furthermore, GFP is suit-
able for screening procedures, because the GFP signal can be
easily detected, not only by simple visual inspection as de-
scribed here, but also by fluorescence-activated cell sorting
[25] and in vitro microplate assay [5]. The allosteric GFP
biosensors thus may be applicable to the detection of many
kinds of molecules, such as proteins, nucleic acids, hormones,
drugs, metals and other small-molecular compounds, in com-
plex mixtures both in vivo and in vitro.
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