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Abstract

Background:

The glucose binding protein (GBP) is one of many soluble binding proteins found in the periplasmic space
of gram-negative bacteria. These proteins are responsible for chemotactic responses and active transport of
chemical species across the membrane. Upon ligand binding, binding proteins undergo a large conformational
change, which is the basis for converting these proteins into optical biosensors.

Methods:

The GBP biosensor was prepared by attaching a polarity-sensitive yuorescent probe to a single cysteine
mutation at a site on the protein that is allosterically responsive to glucose binding. The yuorescence response
of the resulting sensor was validated against high-performance anion-exchange chromatography (HPAEC)
with pulsed electrochemical detection. Finally, a simple yuorescence reader was built using a lifetime-assisted
ratiometric technique.

Results:

The GBP assay has a linear range of quantipcation of 0.10032.00 0M and a sensitivity of 0.164 OM™* under the
speciped experimental conditions. The comparison between GBP and HPAEC readings for nine blind samples
indicates that there is no statistical difference between the analytical results of the two methods at the 95%
conpdence level. Although the methods of yuorescence detection are based on different principles, the response
of the homemade device to glucose concentrations was comparable to the response of the larger and more
expensive tabletop yuorescence spectrophotometer.

Conclusions:

A glucose binding protein labeled with a polarity-sensitive probe can be used for measuring micromolar
amounts of glucose. Using a lifetime-assisted ratiometric technique, a low-cost GBP-based micromolar glucose
monitor could be built.
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Introduction

G lucose sensing has important applications in
bioprocess monitoring and diabetes care. Currently,
available glucose sensors are mostly based on the enzyme
glucose oxidase, and glucose oxidase-based sensors¥’
have glucose sensitivities usually in the millimolar range.
As novel sampling techniques such as fast microdialysis,®
extraction of interstitial fluid by iontophoresis,® and
laser poration!®! emerged in recent years, it has
become necessary to develop new glucose sensors with
submillimolar glucose sensitivities. Although still feasible,
the submillimolar range is, in most cases, at the tail end
of the sensitivities of glucose oxidase-based sensors.

The glucose binding protein (GBP) is one of many
soluble binding proteins associated with adenosine
5-triphosphate-binding cassette transporters. Naturally
occurring binding proteins are found in the periplasmic
space of gram-negative bacteria'?®®?, hence are called
periplasmic binding proteins (PBPs). PBPs generally
undergo a oclosedopend conformational change with
ligand binding. To utilize this conformational change to
create an optical sensor, a polarity-sensitive yuorescent
probe is attached to the protein at a site that is structurally
linked to the ligand binding site. One way to realize
this is to introduce a single cysteine mutation and then
label the protein with a thiol-reactive polarity-sensitive
probe. The MgIB gene expressing the wild-type GBP
from Escherichia coli K12 was cloned into vector pTU18Z.
A single cysteine mutation at position 255 was introduced
by site-directed mutagenesis, and the mutated protein
was expressed in E. coli NM303. Acrylodan, a polarity-
sensitive yuorescent probe, was attached to the cysteine
at 255 using known chemical methods. The resulting
glucose sensor has a responsive range at micromolar
levels, which are the levels found in low glucose media,
fast microdialysis samples, or human interstitial yuid
extracted painlessly by iontophoresis. Thus, this optical
sensor is a valuable supplement to currently available
glucose oxidase-based sensors. Additionally, adaptation to a
continuous glucose monitoring system in combination with
the novel extraction technologies as described is evident.

As a caveat, GBP also binds galactose. Nevertheless,
the sensitivity of GBP to galactose is at a lower afpnity
than for glucose.’® Thus, galactose interference may be
considered negligible in most situations. Exceptions
include patients with galactosemia and some newborns,
whose blood contains elevated galactose (6810 mg/dl).
GBP is essentially insensitive to other sugars.

In previous studies, several binding protein mutants
were prepared and labeled with different polarity
sensitive probes.r It was shown that these proteins
have a number of desirable properties, such as high
sensitivity and good selectivity, and thus can be used
for highly sensitive assays. Here, we validated the GBP-
based fluorescence assay against high-performance
anion-exchange chromatography (HPAEC) with pulsed
electrochemical detection (PED) as the standard method.
HPAEC-PED was used as a standard for validation
because it has been in use for several decades?*?* and
is a highly accepted method in the determination of
sugars. It provides excellent sensitivity and selectivity
for carbohydrates and other electroactive species.
Results show that the GBP assay method is closer in its
range of quantipcation to HPAEC-PED under speciped
experimental conditions than the more prevalent but
less sensitive glucose oxidase electrochemical methods.
In addition, no statistical difference was found between
the analytical results of GBP and HPAEC methods.

Upon validation of the GBP-based fluorescence assay,
we proceeded to build a small low-cost glucose monitor.
The purpose of building this small GBP-based device was
to explore the possibility of a portable glucose monitor
for peld and point-of-care use. The low-cost laboratory-
made glucose monitor was constructed completely
from inexpensive electronics and optics. Additionally,
the dimensions are signipcantly smaller than a bench-
sized yuorescence spectrophotometer. Because low-cost
instrumentation comes with limitations not encountered
in the more expensive yuorescence spectrophotometers,
the biosensor itself was modiped to improve the accuracy,
precision, and overall user-friendliness of the prototype.
The GBP was labeled with a second fluorophore,?
allowing for ratiometric measurement of intensities.
This strategy prevents systematic sources of error such as
yuctuations in intensity of the light source, temperature,
interference by ambient light, and distance variations
of sample to excitation light and photodetector, as well
as photobleaching. Furthermore, separation of the
fluorescence intensities of the two fluorophores was
achieved not by the use of multiple filters, but by a
lifetime-assisted ratiometric technique. Here we show
that although the cost of this fluorescence reader is
only $100 or less, its response to glucose concentration
is comparable to the more expensive Varian Cary
spectrophotometer.
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As the glucose sensor discussed in this article has
micromolar sensitivity for glucose, it is not intended
for measuring blood samples directly, which have
millimolar glucose concentrations. Instead, the glucose
sensor discussed here can be used in conjunction with
novel sampling techniques such as microdialysis and
interstitial yuid extraction by iontophoresis. The glucose
concentration in the interstitial Yuid extract is 0830 OM,?
which is the responsive range of the glucose sensor
discussed here. Additionally, we are in the process
of preparing a manuscript describing the use of
microdialysis in combination with the GBP sensor. These
preliminary results should lead to a continuous glucose
monitoring system.

Materials

6-Acryloyl-2-dimethylaminonaphthalene (acrylodan)
and tris(2-carboxyethyl)phosphine were purchased
from Molecular Probes (Eugene, OR). Fucose, sucrose,
glucose, DEAE Sephadex A-50, N,N-dimethylformamide,
NaCl, KH,PO,, Na,HPO,, NaH,PO,, and MgCl,
were purchased from Sigma-Aldrich (St. Louis, MO).
Tryptone and yeast extract were obtained from Becton
Dickinson (Sparks, MD). All chemicals were used
without further purification. Slide-A-lyzer® dialysis
cassettes were purchased from Pierce (Rockford, IL).
Bis(2,2’-bipyridine)-(5-isothiocyanato-phenanthroline)
ruthenium Il(hexafluorophosphate) [Ru(bpp)] was
prepared as reported previously.?

Methods

Protein Expression, Puripcation, and Fluorophore
Coupling

The plasmid JLO1 expressing the wild-type GBP, which
has no cysteine, was prepared by cloning the E. coli K12
MgIB gene into vector pTU18Z. To label the protein with
an environmentally sensitive thiol-reactive probe, plasmid
JLO1 encoding for the wild-type GBP was mutated using
the Quick-Change mutagenesis kit from Stratagene
(Cedar Creek, TX). The choice of the site for mutation
is generally based on the identipcation of specipc sites
that undergo maximum conformational change upon
substrate binding.® As different environment-sensitive
probes conjugated to the same site often show varying
responses to analyte concentrations, it is usually
necessary to test several different probes, and the one
showing maximal signal change is selected. The L255C
GBP mutant used in experiments has a single cysteine
mutation at position 255 where acrylodan was labeled.
For dual-emitting binding proteins, the long-lived

environmentally insensitive ruthenium dye Ru(bpp)
was attached to the N terminus amino group by pH
selection. Upon ligand binding, the environmentally
sensitive acrylodan was exposed to the solvent, resulting
in a decrease in its yuorescence intensity. However, the
luminescence intensity of the long-lived Ru(bpp) was
unaffected, thereby acting as a reference. Expression,
release, and puripcation of the L255C mutant, as well as
the labeling of acrylodan and Ru(bpp), were as described
previously.®?

Preparation of Glucose Standards

The glucose standard solutions were prepared from
p-glucose (>99.5% purity) obtained from Sigma-Aldrich.
Volumetric yasks were used to make the stock solution
(1000 OM) and the following dilutions: 50, 100, 200, and
400 OM. The water used to make standard solutions was
puriped using a reverse osmosis system coupled with
a multitank/ultraviolet/ultrapltration station (US Filter/
lonpure, Lowell, MA).

Fluorescence Measurements

Fluorescence intensities were measured on a Varian
Cary eclipse fluorescence spectrophotometer (Varian
Instruments, Walnut Creek, CA). Five hundred microliters
of GBP solution (3.00M) was added to a 1.5-ml
polymethylmethacrylate cuvette (BrandTech Scientific,
Essex, CT). Then 5.0 Ol of glucose solution was added, the
mixture was vortexed gently for 10 seconds, and the
cuvette was then placed on the spectrophotometer for
fluorescence measurement. The assay was performed
in triplicate for each solution. All measurements were
made at the same instrumental conditions: excitation
wavelength 380 nm, emission wavelength 510 nm,
excitation slit width 5 nm, emission slit width 5 nm,
photomultiplier tube (PMT) detector voltage 750 volts,
and average time 0.1 seconds.

High-Performance Anion-Exchange Chromatography
and Pulsed Electrochemical Detection

A DX-500 microbore liquid chromatography system
(Dionex Corporation, Sunnyvale, CA) with a Dionex Model
ED40 electrochemical cell and pulsed electrochemical
detector was used for the validation of GBP. The
electrochemical detector was equipped with an Au
electrode, a combination pH and Ag/AgCl reference
electrode, and a titanium auxiliary electrode. Separation
was achieved using a Dionex CarboPac PA10 guard and
PA10 2 x 250-mm analytical column. The mobile phase
was 0.150 M NaOH, which was delivered isocratically.
All solvents were degassed and kept under pressure
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